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Abstract 
Secondary manganese oxides (MnOx) are common weathering products of polymetallic vein 
deposits, and are also locally abundant in streams draining abandoned mine lands. MnOx are 
scavengers of trace metals, and the trace metal composition of MnOx could potentially be used 
as a vector to locate mineral anomalies or point sources of pollution in mining-impacted 
streams. This study is examining the chemistry of MnOx in weathered rock samples and 
partially flooded underground mine tunnels in the Butte Cu-Ag-Pb-Zn deposit, as well as 
MnOx crusts on boulders in small streams draining the nearby Basin-Boulder Superfund Site, 
Montana. Data obtained using a portable XRF on MnOx deposits in situ are compared to 
analysis of the same samples after crushing, drying, and homogenization. These results show 
that direct analysis of mineral crusts in the field give inaccurate concentration data, although 
when expressed as metal ratios (e.g., Mn/Zn, Mn/Cu, Mn/Fe) the agreement is improved. Some 
of the factors that lead to inaccurate concentrations from direct field measurement include 
variable water content of the solids, sample inhomogeneity on a mm to cm scale, and, in some 
cases, penetration of the X-rays through the MnOx crusts to the rock beneath the crust.  
Comparison of XRF results of powdered samples to ICP analysis of acid-digests of the same 
samples shows generally good agreement for most of the elements of interest, both in terms of 
absolute concentration and when expressed as ratios.    
MnOx crusts in the Butte district show a zonation in trace element makeup that crudely 
parallels the known metal zonation in the primary deposit.  MnOx crusts in the Central and 
Intermediate zones are more enriched in Cu and As, whereas crusts from the Peripheral zone 
are more enriched in Zn, Pb, and Ag.  Analyses of freshly forming MnOx and FeOx crusts in 
the Lexington Tunnel of Butte show that Cu and Pb are preferentially incorporated into the Fe-
rich crusts whereas Zn, Cd, and thallium (Tl) are preferentially incorporated into the Mn-rich 
crust. In the Basin-Boulder field site, the distribution of trace elements in MnOx crusts varied 
considerably in the streams closest to the abandoned mine sites, where pH also varied due to 
localized acid mine drainage. However, the lower reaches of the streams with pH > 7 generally 
showed consistent trends of decreasing Mn/Zn ratio with distance downstream.  The Mn/Zn 
ratio of the MnOx crusts was 10 to 100 times greater than the aqueous Mn/Zn ratio in the 
streams themselves.  A mass balance model was developed that helps to explain the observed 
trends of decreasing Mn/Zn ratio with distance downstream, and the model may be applicable 
to other metal ratio systems.  This approach may be useful to help locate sources of metal 
loading in watersheds due to weathering of natural or mining-related metal anomalies. 
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1. Introduction 
1.1. Manganese Oxides 
Black crustal coatings on boulders in small streams are a common occurrence where 
dissolved manganese and oxygen are present. Studies conducted by Carpenter et al. (1975, 
1978), Carpenter and Hayes (1980),  Nowlan (1976), and Hem (1964, 1978) have shown that 
these manganese oxide coatings, as well as hydrous iron oxides, are scavengers of heavy metals 
commonly found in polymetallic vein deposits.  These oxides have a tendency to coprecipitate 
or provide adsorption sites for dissolved metal ions. Metals that have the highest association 
with Fe-Mn oxides include Cu, Ba, Cd, Tl, In, Pb, Mo, Co, Ni, and Zn (Trividi and Axe, 2001). 
Arsenic, an important metalloid, has also been found to be associated with Fe-Mn oxides 
(Nowlan, 1976). 
Two field locations, the Butte mining district in Butte, Montana and the Basin-Cataract- 
Comet mining districts near Basin, Montana, were chosen for this project. Both sites contain 
abundant manganese oxides which have likely been influenced by the former presence of 
manganese- rich vein minerals like rhodochrosite (MnCO3) and rhodonite (MnSiO3), as well as 
Mn-rich calcite or dolomite (Pardee, 1918, 1933; Guilbert and Zeihen, 1964; O’Neill et al., 
2004). 
Characterizing the precise mineralogy of the manganese oxides was outside the scope of 
this study.  In their detailed compilation of the mineralogy of Butte, Guilbert and Zeihen (1964) 
identified cyrptomelane (KMn8O16, formerly called psilomelane), pyrolusite (MnO2), and 
ramsdellite (MnO2) as being the most abundant of the Mn-oxide minerals in veins that were 
oxidized prior to mining.  In contrast, Shope et al. (2006) determined that birnessite was the 
dominant Mn-oxide phase found in High Ore  Creek, a pH-neutral stream in the Basin district 
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that drains abandoned mine lands. Birnessite forms fresh precipitates that are associated with 
biofilms in fresh-water environments as well as on the sea floor (Lanson et al., 2002).   
Although its ideal formula is MnO2, in nature it commonly has some Mn2+ substituting for 
Mn4+, which creates a charge imbalance that is accommodated by incorporation of cationic 
metals (e.g., Zn2+) into the crystal lattice (Lanson et al., 2002; Manceau et al., 2002). It is likely 
that birnessite is the most common Mn-oxide coating boulders throughout the rest of the creeks 
in the Basin study area, as well as in the underground mine workings of Butte where Mn-oxides 
are freshly forming. 
1.2. X-ray Fluorescence (XRF) 
Since X-rays were discovered by Wilhelm Roentgen in 1895, X-ray spectrometry has 
been split into two major fields: X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF). 
While XRD measures crystalline compounds based on the arrangements of atoms, XRF 
measures elemental composition based on electromagnetic radiation (Meyers, 2000). 
Portable XRFs (pXRF) have been around since the 1960s, however, modern advancements 
such as silicon drift detectors (SSD) have produced more compact pXRF units. Modern 
pXRF instruments can readily be used to analyze field samples with increased resolution 
and accuracy (Grieken and Markowicz, 2001). 
XRF functions by bombarding a sample with photons in order to force inner orbital 
electrons to be ejected from the nucleus. This action causes outer orbital electrons to replace the 
displaced electrons causing a specific release in energy. Portable XRF units can measure 
elemental concentrations by isolating narrow wavelength bands or narrow energy bands (Jenkins, 
2000). These two methods are referred to as wavelength-dispersive spectroscopy (WDS) and 
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energy-dispersive spectroscopy (EDS). The Niton XL3t XRF used in this study follows the latter 
method of EDS. 
1.3. Project Objectives 
This study examines the applications of using pXRF for mineral exploration and 
environmental geochemistry. Previous studies have shown how manganese and iron oxides are 
effective at scavenging heavy metals of both economic and environmental significance. The 
goal of this project is to evaluate this oxide/metal relationship within the context of the rapid 
assessment capabilities of portable XRF. The primary objectives of this study include: 1) 
investigating the accuracy and precision of one of today’s portable XRF units, 2) quantifying 
the association between trace metals and manganese oxides in different mine settings, and 3) 
assessing whether pXRF data may be used to spatially define vectors to undiscovered mineral 
deposits or point sources of contamination in streams draining abandoned or active mining 
sites. 
1.4. Thesis Organization 
To meet the objectives outlined above, I conducted several different types of field work 
and lab analyses in this study, all of which focused on secondary Mn-oxides, and all of which 
involved usage of the pXRF.  Two investigations were conducted within the Butte district.  The 
first field study in Butte was an examination of secondary Mn- and Fe-oxides that are currently 
forming in underground mine workings of the Lexington Tunnel.  Here, the primary focus was to 
compare pXRF results from analysis of oxide samples in situ (i.e., as crusts on rocks or the mine 
floors) vs. pXRF of the same samples that have been transported to the lab, dried, crushed, and 
homogenized, vs. ICP-AES of the same samples that have been digested in acid.  A secondary 
objective of this study was to see which trace elements have a greater affinity for Mn-oxides 
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compared to Fe-oxides.  In the second investigation, Mn-oxides from samples of weathered rock 
located throughout the Butte district were analyzed by pXRF.  The purpose was to see if pXRF 
analysis of secondary Mn-oxides from a chemically-zoned ore deposit would also show zonation 
in trace metal content.  If so, then the pXRF could be used as a rapid, in situ method to map out 
chemical zonation of weathered orebodies in the field.     
Additional field work was conducted in streams draining the Basin mining district (see 
below).  This field area was selected because it contains streams that span a large range from 
pristine background water quality to streams that are impacted by abandoned mines with very 
high metal concentrations.  Also, most of these streams have boulders that are coated with 
secondary Mn-oxides.  In the first set of field experiments, in situ pXRF analyses of Mn-oxide 
coatings from many locations scattered throughout the Basin district are again compared to 
results of the same samples after digestion and ICP-AES analysis.  The data are then interpreted 
spatially to see if there are correlations between metal concentrations in secondary Mn-oxides 
compared to dissolved metal concentrations in the same streams.  The data are also examined to 
see if there are changes in trace metal concentration or metal ratio in Mn-oxides with distance 
downstream, below known sources of metal loading (i.e., adit discharges or acidic groundwater 
seepage at the abandoned mines).   If so, then this would demonstrate how pXRF could be used 
in watershed studies to rapidly locate the source of a geochemical anomaly.  In the last field 
study to be presented, one of the drainages in the Basin area was re-sampled by pXRF at much 
closer spacing to get a more detailed look at trace metal patterns with distance downstream.  A 
simple mass balance model is presented that helps to explain changes in metal ratios in 
secondary Mn-oxides with distance downstream in a generic stream.  Depending on the initial 
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conditions, metal ratios (e.g., Zn/Mn) in the Mn-oxides can either increase or decrease with 
distance below the source of contamination.  
1.5. Butte District 
The Butte mining district located in Butte, Montana, is a world class, polymetallic, 
porphyry-lode deposit that has been mined since the 1860s (Meyer et al., 1968; Czehura, 2006; 
Rusk et al., 2008). High-grade veins rich in copper, silver, zinc, lead, and manganese up to 10 m 
thick and 1000 m deep were mined up until the 1950s, when operations began the transition to 
open-pit mining to extract the lower grade copper ore. The district covers roughly 65 square km 
that includes an estimated 16,000 km of underground mine workings and two major open pits. 
1.5.1.  Geology 
 The Butte district’s principle geologic unit is the Butte Granite (formerly known as the 
Butte Quartz Monzonite), a late Cretaceous age pluton of the Boulder batholith (Mercer and 
Reed, 2013). The granite is cut by quartz porphyry dikes that were genetically associated with a 
very large but low grade porphyry copper-molybdenum deposit, the so called “pre-Main Stage” 
mineralization event. The later “Main Stage” hydrothermal event remobilized the low-grade ore 
into the rich veins and lodes that made Butte the “Richest Hill on Earth.” Figure 1, from Mercer 
and Reed (2013), shows the simplified geology of the Butte district and includes the outlines of 
the major open pits. 
 A key element of the Main Stage event was that it created three concentric zones of vein 
mineralization that differed in their mineralogy and metal content. This included a Cu- and As-
rich Central Zone, a Cu-Zn-rich Intermediate Zone, and a Ag-Pb-Zn-Mn-rich Peripheral Zone. 
Underground mines in the Intermediate and Peripheral zones were intermittently mined for Mn 
ore, principally from the manganese carbonate, rhodochrosite (Meyer et al., 1968).  Natural 
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weathering of the primary Mn-minerals in these zones created abundant, black Mn-oxides.  Vein 
quartz rich in Mn- and Fe-oxides contained little or no valuable ore, and was subsequently 
discarded.  Today, one sees much of this material preserved in Uptown Butte as building stone. 
Figure 1: Butte geology map  
Location and geology of the Butte district, showing outlines of the two major open pits (modified from Mercer 
and Reed, 2013). 
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1.5.1. Lexington Tunnel 
Very few of Butte’s underground workings are currently accessible, due to the rebound of 
the water table flooding the majority of the workings. However, a horizontal drift built in the late 
1800s is still accessible. Named the Lexington tunnel (see below) after the Lexington shaft that 
the drift accesses, the tunnel contains perched water, as well as many sites where water is 
seeping from cracks in the mine walls.  This water is actively forming hydrous manganese and 
iron oxides (Gammons, 2006), and therefore provided another good opportunity to collect 
samples in this investigation. 
1.5.2.  The Anaconda Collection 
One of the largest companies associated with mining in the Butte district was the 
Anaconda Copper Mining Company (ACMC), which was formed in 1895 (Czehura, 2006). 
Several thousand samples of fresh and hydrothermally altered rock and drill core were collected 
Figure 2: Lexington tunnel location map 
The Lexington tunnel (red) enters the hill at a portal north of the Anselmo mine headframe, 
and extends for several km in a NE direction to the Lexington shaft and beyond.  The map 
shows major historic shafts and underground workings (modified from Duaime et al., 2004). 
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by the ACMC from throughout the Butte district, and were set aside in an archived and cross-
referenced collection, termed the Anaconda Collection.  Today, the Anaconda Collection resides 
at Montana Tech. The entire list of samples, along with information such as lithology, alteration, 
and location, has been digitized, and is available to the public on request from the Montana 
Bureau of Mines and Geology. An important aspect of the catalog for this study is that it 
provided documentation on the occurrence of manganese and iron oxides.   
1.6. Basin-Cataract-Comet Districts 
The Basin-Cataract-Comet mining districts located near Basin, Montana contain 
numerous historic mines that targeted polymetallic quartz veins of presumed late Cretaceous age. 
These veins were mined primarily for silver and base metals, with gold being occasionally found 
in significant quantities (Pardee, 1933; Church et al., 2004). Due to proximity and geologic 
similarity, the Basin, Cataract and Comet (High Ore) districts are often referred together as the 
Basin district. A disregard for environmental hazards led to streams and drainages in the area 
containing high concentrations of dissolved heavy metals. The Basin Mining Area Superfund site 
was established to remedy contamination in Basin Creek, Cataract Creek, and the upper Boulder 
River. A separate restoration/reclamation project focused on High Ore Creek, which drains the 
historic Comet mine (Browne et al., 2001). Despite these reclamation efforts, dissolved metals 
persist in the streams at concentrations that exceed water quality standards. A map of the study 
area can be found in Figure 3, showing the location of major mines and streams.   
In the early 2000s, the U.S. Geological Survey completed a detailed study of the 
environmental geochemistry, hydrogeology, and geology of the Basin district (Church et al., 
2004).  Figure 3 summarizes some of the data that were collected, in this case focusing on 
concentrations of zinc in the main streams and tributary waters.  The study area shows a 
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spectrum of contamination, from background waters that contain very low Zn concentrations (< 
30 µg/L) to highly polluted reaches with > 1000 µg/L Zn.   Most of the high Zn concentrations 
occur in waters immediately downstream of the major mines.  These include the Comet Mine in 
High Ore Creek, the Crystal Mine in Uncle Sam Gulch/Cataract Creek, and the Bullion Mine in 
upper Basin Creek.  Each of these mines contains seeps and/or adit discharges that flow directly 
into receiving streams (Fig. 3).  In addition to zinc, water samples collected below these mines 
typically contain high concentrations of dissolved As, Cd, Cu, and Pb (Nimick et al., 2004). 
  
 
Figure 3: Basin study area 
Location and major features of the study area north of Basin, MT. Larger image shows historic mines, major streams 
and drainages, and dissolved zinc concentrations (modified from Nimick et al., 2004)
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Figure 4: Basin site photos 
Photos show three major mines/contamination sources in the Basin-Cataract-Comet district. A) Bullion mine with iron/manganese staining. B) Comet 
mine below upper settling pond, with minor staining visible on boulders. C) Crystal mine drainage below settling ponds and D) spread of AMD downhill from 
site. 
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1.6.1.  Geology 
 The geology of the Basin District is similar to that of Butte, being dominated by the 
Cretaceous Butte Granite of the Boulder Batholith (Church et al., 2004). Two sets of volcanic 
rocks are also present, including the Cretaceous Elkhorn Mountain Volcanics and the younger 
Lowland Creek Volcanics (Church et al., 2004). Figure 5 shows a geologic map of these 
major units. Weathered bedrock, residual soils, and stream sediment throughout the area 
Figure 5: Geology in the Basin study area 
Map illustrates major geologic units and faults (modified from Church et al., 2004). 
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contain significant Mn-oxides (Church et al., 2004; Smedes, 1966; Shope et al., 2006; Bray et 
al., 2012).  Like Butte, the source of this Mn includes rhodochrosite and rhodonite as gangue 
minerals in the polymetallic quartz veins (Pardee, 1933).   Although acidic drainage is found 
at the three major mine sites (Figure 4), the presence of carbonate minerals in veins and 
altered igneous rock, as well as in soils forming in the semi-arid climate, allows most of the 
streams in the Basin study area to have a near-neutral or slightly alkaline pH.     
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2. Methods 
2.1. Lexington Tunnel 
 Field data were acquired for the Lexington tunnel in early spring of 2013, when 
temperatures had risen enough to melt the bulk of the ice in the tunnel. Figure 6 illustrates the 
location of samples collected during the field investigation. Many of these samples, especially 
ones forming from dried up puddles on the mine floor, can contain over 90% water content 
(Figure 7), which can be problematic for accurate and precise in-situ pXRF measurements 
(Lemiere et al., 2012). Thus the oxides were scanned in-situ and physically removed for dry 
scans later in the lab. Scans were performed using the Niton’s “Test-all Geo Mode” and over a 
Figure 6: Detailed view of the Lexington tunnel 
Map shows workings and sampling locations. Image has been modified from Gammons 2003 from the original 
“T400 Level Underground Map – Phase I Mine Plan” (New Butte Mining, 1990). Bold line represents main Lexington 
tunnel, while lighter gray lines are representative of secondary workings. 
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duration of 80 seconds. Multiple readings were taken at each location to ensure an averaged 
representative data-set. When possible, hydrous manganese and iron oxides were physically 
separated for in-situ and lab analysis. 
 Samples of freshly formed Mn- or Fe- oxides were brought back to the lab where they 
were dried in an oven at 60°C, crushed and homogenized, and digested in aqua regia acid. The 
same drying and homogenization process was carried out for powdered XRF scans. The non-
digested powdered samples were placed in small sampling vessels for scanning, with relative 
thicknesses greater than 2 cm. For the digestions, 0.100 grams of solid sample was placed in a 60 
mL plastic bottle to which 5 mL of aqua regia acid was added. After complete digestion, the 
sample was diluted with deionized water. The digested samples were taken to the University of 
Figure 7: Hydrous manganese and iron oxides in the Lexington tunnel 
A) “Soda straw” dripstones of iron oxide. 
B) Separated manganese and iron oxide with mudcrack patterns. C) In situ scanning of dripstones using 
pXRF. 
D) Actively forming Mn-oxide on rib of tunnel. 
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Montana in Missoula, MT for analysis of a suite of major and trace metals by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES), following EPA method 200.7. 
2.2. Anaconda Collection 
Samples were selected from the Anaconda Collection using the collection’s catalog. 
Notes made by geologists referring to manganese oxide were the primary source of choosing 
samples. Additional samples were chosen by identifying manganese oxide in rock and core not 
previously noted by historical documentation.  Location information was recorded for later 
spatial analysis. Before scanning samples, a system check would be initialized on the Niton 
pXRF unit. A set of powder standards was also included with the Niton system, which allowed 
for an additional check before scanning took place. Oxides were then analyzed with the Niton’s 
“Test-all Geo Mode” over an interval of 80 seconds. The Anaconda Collection data were later 
supplemented with data from the powdered Lexington tunnel samples and in-situ scans from 
various surface outcrops throughout Butte. This created a larger comprehensive dataset that was 
used to generate a spatial map in ArcMap, Version 10.1. 
2.3. Basin-Boulder Superfund Site 
Two sampling events were conducted in the Basin district. The first event in the summer 
of 2013 spanned across the three major creeks shown in Figure 3: Basin Creek, Cataract Creek, 
and High Ore Creek. The second sampling event was completed in the summer of 2014 and 
focused on High Ore Creek only. Figures 8 and 9 show sampling locations, and GPS coordinates 
are given in the Appendix. 
2.3.1.  June-July 2013 Sampling 
Manganese oxide crusts on the bottom of streambed boulders were analyzed with pXRF 
using the same method and guidelines of the Lexington tunnel. Samples were collected over five 
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separate sampling trips in June and July of 2013 (See Appendix D). At each sample location a 
GPS marker was taken using a Garmin eTrex handheld GPS. Before scanning, water quality data 
(pH, water temperature, specific conductivity) were taken using a Hydrolab MS5 datasonde. 
However, some data points were not analyzed due to a malfunction in the sonde (See Data).  
After collecting GPS and water quality data, four boulders were selected from the 
stream that contained significant manganese oxide crusts (Figure 10). These boulders were 
allowed to air dry before being scanned with the pXRF. Care was taken to select larger boulders 
to reduce the possibility that the sample could have rolled down the stream to its present 
location during high flow events. Data acquired from pXRF scans were averaged from the four 
boulders. Boulders from High Ore Creek contained thick manganese oxide crusts which were 
scraped into a zip-lock bag for later acid digestion and chemical analysis (Figure 10). However, 
boulders from the other creeks had thin, well- cemented MnOx crusts, and as such the entire 
boulder was brought back to the lab. Additionally, a 0.2 µm PES syringe filter was used to collect a 
filtered water sample at each sampling location for later ICP-AES analysis at the University of 
Montana (EPA method 200.7).  The water samples were preserved with 1% v/v trace metal grade 
HNO3 acid.  Due to detection limit problems, most of the water samples were rerun at the 
Montana Bureau of Mines and Geology lab using inductively coupled plasma-mass spectrometry 
(ICP-MS, EPA method 200.8). 
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Figure 8: Sampling locations in the Basin-Boulder area 
Map shows GPS markers for 2013 sampling event. Created in ArcMap, v. 10.1.  
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Figure 9: Sampling locations in High Ore Creek 
Map shows GPS markers for 2014 sampling event. Created in ArcMap, v. 10.1. 
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For the High Ore Creek Mn-oxide samples, the same digestion and dilution protocol for the 
Lexington Mine was used, and the digested samples were analyzed at U-Montana by ICP-AES.  For 
the boulders from the other streams, aqua regia was carefully dripped onto the thin Mn-oxide crusts, 
dissolving them instantly (see Figure 4B), with the acid solution collected into a beaker.   This solution 
was diluted and placed in a 60 mL plastic bottle for later ICP-AES analysis at the University of 
Montana.  Using this method, it was not possible to determine the absolute metal concentration of 
the solids, because there is no way to calculate a dilution factor.  However, it did allow metal 
ratios (e.g., Zn/Mn, Cu/Mn) to be determined. 
2.3.2.  September 2014 Sampling 
During a single sampling visit on 9/7/14, High Ore Creek was revisited to obtain a more 
closely-spaced data set stretching from the Comet Mine to the confluence of the Boulder River.  
Manganese oxide crusts were analyzed in the field with the pXRF, but this time no samples were 
taken for later acid digestion.   A GPS marker was taken at each sampling location (See Figure 9), 
but no water quality data were recorded.  At each sampling location, one representative boulder with 
significant Mn-oxide crust was selected and towel dried before scanning (Figures 10C and 10D). 
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Figure 10: Manganese oxide samples from the Basin site 
A) Thick MnOx crust from High Ore Creek. B) Sample after acid drip removal. C) and D) Boulder 
removed from creek and after drying. 
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3. Results 
3.1. Powdered Samples - Lexington Tunnel 
Data obtained from pXRF scans are given in Appendix A.  The data set was cropped to 
remove non-essential trace elements, which included those that were below detection or had little 
association with iron/manganese oxides (e.g., Ca, Mg).   
Solid samples from the Lexington Tunnel were measured both in situ in a hydrated state, 
and in the lab after drying. A comparison of the results (Figure 11) shows that scans of the wet 
samples tended to give metal concentrations that were less than scans of the dry samples.  This 
suggests that the presence of water in the pore space of the fluffy precipitates decreases the XRF 
Figure 11: pXRF comparison of in situ vs powdered for metal concentrations 
Comparison of key elements show reduced concentrations in wet direct pXRF scans. Solid blue 
line represents 1:1 line. 
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signal, resulting in true concentrations being under-estimated.  Additional error in the data could 
be due to chemical heterogeneity of the mineral crusts, especially with respect to depth.  Mineral 
crusts on the mine floor showed evidence of chemical stratification caused by seasonal changes 
in the mine pool chemistry (Figure 7B).  An in situ scan is biased to the solid layer that is closest 
to the surface of the crust.  Most of the samples that show better agreement between in situ and 
lab analyses in Figure 11 were for crusts that were located along the rib of the tunnel, where 
stratification was not observed, and where water drained more freely from the solids.  This 
comparison shows that care must be taken in the interpretation of direct pXRF scans of mineral 
crusts.     
One method to clean up the data for wet vs dry pXRF scans was to compare the results as 
metal ratios instead of direct concentrations. If there was underlying anomalies in the wet scans, 
the thought was that expressing the data would reduce the magnitude of the anomalous data in 
order to get a closer match to the dry scan ratio. The results in Figure 12 of the metal ratio 
comparison did not provide any stronger correlation. This likely indicates that while the water 
content tends to under-estimate concentrations as shown in Figure 11, the change is not uniform 
among the different elements, thus the influence of water is not removed even when metals are 
expressed as ratios. 
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 The pXRF and ICP-AES data taken from the Lexington tunnel powdered samples were 
compared to test the accuracy and precision of the pXRF.  ICP-AES data for the digested 
Lexington tunnel mineral crusts can be found in Appendix B. This comparison shows that pXRF 
and ICP-AES are in strong agreement when expressed as both absolute concentrations and as 
metal ratios (Figures 12 and 13).   
 
 
Figure 12: pXRF comparison of in situ vs powdered for metal ratios 
Comparison of key elements as metal ratios shows little improvement over the direct concentrations. Solid 
blue line indicates 1:1 line. 
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Figure 13: Metal concentration comparison between pXRF and ICP-AES – Lexington 
Data shows strong correlation between pXRF and ICP-AES. Blue line indicates 1:1 line. 
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Figure 14: Metal ratio comparison of pXRF and ICP-AES – Lexington 
Data shows equally strong correlation between pXRF and ICP when expressed as metal ratios. Blue line 
indicates 1:1 line. 
 
 As shown in Figure 7B, one of the sampling locations in the Lexington tunnel was a 
delicately stratified sequence of hydrated iron and manganese oxides on the tunnel floor. With 
these two oxides physically separated, ICP-AES data were used to speciate trace elements 
between the iron and manganese oxides (Figure 14). The data show that Cu, Pb, and Ba tended to 
prefer the orange iron oxide while Zn, Cd, Co, Ni, and Tl preferred the black manganese oxide. 
Arsenic did not show any specific preference as both values were closely matched. A closer 
examination of the data in Figure 15 shows that the Fe-oxide and Mn-oxide layers were not 
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completely separated.  The iron oxide contained about 3 wt% of manganese, while the 
manganese oxide contained about 0.3 wt% of iron. 
  
Figure 15: ICP concentrations between iron and manganese oxides 
Trace elements speciated between the two oxides that are known to have association with iron and 
manganese oxides. 
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3.2. Butte: District-wide zonation 
 Scans of the Anaconda Collection samples provided trace element concentrations that 
were used to convey the Butte district’s mineral zonation. Data were entered into ArcCatalog in 
order to create a shapefile for viewing in ArcMap. Aerial maps provided the base map of the 
Butte district. Pie charts were created in order to show how the spatial distribution of trace 
metals in the Mn-oxide crusts using the Symbology – Charts function for the shapefile. These pie 
charts display the relative percentage of a given trace element (e.g., Zn) relative to the total, 
which in this case was take as the sum of Cu+Zn+Pb+As+Ag. A copy of the raw data used for 
this section can be found in Appendix C.  Lexington tunnel data and scanned outcrops 
throughout Butte were also included in creating this map. 
 Due to the overall low concentrations of silver in the pXRF scans, Ag was multiplied by 
a factor of 100 in order to better show its distribution. An additional field, AgX, in the attributes 
was necessary to complete this multiplication. The field was quickly created by using the field 
calculator function and multiplying the original Ag value.  The final map (Figure 16) follows the 
known zonation of the Butte ore body from a Cu-As rich Central Zone leading into a Cu-Zn 
Intermediate Zone, becoming more enriched in Ag-Pb-Zn towards the Peripheral Zone.  In 
addition, although the Peripheral Zone is known for having the most Ag-rich ore in Butte, the 
Central Zone also had high concentrations of Ag in solid solution with Cu-sulfide minerals like 
chalcocite and bornite (Brimhall et al., 1984).  Note that samples on the SW and SE edges of the 
map are outside of the recognized mineral zonation pattern of Butte main stage veins. The SE 
sample is from the Continental Pit, and shows a predominance of copper with minor Zn.  The 
Continental Pit, located on the east side of the Continental Fault, contains relatively few Main 
Stage veins, and is primarily mined for Cu and Mo, with Zn being a penalty metal.  The cluster 
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of samples from the SW side of the field area are from surface outcrops that lie well outside the 
main Butte district.  
 Anomalies in the data, such as the existence of a Mn-oxide sample with high Zn and Ag 
in the Central Zone, are best explained by the limited distribution of samples available in the 
collection’s catalog. As well, location data entered into the catalog include only the mine and the 
mine level (elevation).  Because of the extent of the underground workings, in some cases a 
given sample could have been collected quite some distance from the mine shaft.  There is also 
the possibility of metal-rich waters being transported during the period of active mining and thus 
forming new layers of Mn-oxides, or leaching some trace metals out of pre-existing Mn-oxide 
coatings.  
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Figure 16: Metal distribution – Butte
 
Map created in ArcMap shows relative mineral zones based on Guilbert and Zeihen (1964) and the distribution of trace metal/metalloid concentrations in the 
Butte district.  To plot of the same scale, concentrations of Ag were multiplied x 100. 
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3.3. Basin-Boulder Stream Samples  
3.3.1.  Comprehensive Assessment 
Some of the initial data acquired during the 2013 sampling events included water quality 
information from a hydrolab data sonde (See Table I). Of the 23 sampling locations, data was 
obtained for 18 of the locations. This was due to an unfortunate malfunction of the equipment 
during sampling. Some of the general trends observed were a decrease in pH and decrease in 
specific conductivity (SpC) and a slight increase in oxidation-reduction potential (ORP) as 
sampling locations approached the abandoned mine sites. Most of these trends showed only 
small variations, with the exception of High Ore Creek (HOC).  Although samples sites closest 
to the Crystal Mine likely had quite low pH, based on the abundance of Fe-oxides near the mine 
portal (Fig. 4), this could not be confirmed in this study because of the equipment malfunction.  
Nimick et al. (2004) reported pH values less than 4.5 in upper Uncle Sam Gulch and greater than 
6.5 in Cataract Creek.   The increased pH values downstream from the mine sites illustrates the 
ability of the rocks and soils in the Basin district to buffer pH, despite the high acid potential 
from oxidation of pyrite near the abandoned mines.  
The analysis of the manganese oxide crusts followed similar steps performed for the 
Lexington powdered samples. The pXRF and ICP-AES data were compared for accuracy. The 
database was cropped to remove unnecessary elements and those below detection limits of the 
equipment. For most sample sites, only metal ratios could be compared as the acid drip method 
makes it impossible to correct the lab results for dilution to determine absolute concentrations in 
the Mn-oxide crusts. When pXRF ratios are compared to ICP-AES ratios, the data show a higher 
incidence of outliers than the Lexington powders (Fig. 16). Some element ratios, like Zn/Mn and 
Cu/Mn, showed reasonably good agreement between pXRF and ICP, whereas other element 
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ratios, such as Fe/Mn, Ba/Mn and Ni/Mn, gave inconsistent and at times poor agreement.  Most 
of the outliers for these three metal ratios had higher values obtained by pXRF compared to ICP, 
whereas for Zn/Mn and Cu/Mn the scatter about the 1:1 line of perfect agreement appears more 
random (Fig. 16).  A possible reason for this is discussed in Section 4.    
Table I: Basin Hydrolab data 
 
 
Sample Temp °C 
SpC 
μS/cm 
pH 
SU 
ORP 
mV 
LDO 
% 
LDO 
ppm 
BM-1 11.08 126 5.65 381 103 8.7 
BM-2 ND ND ND ND ND ND 
BM-3 ND ND ND ND ND ND 
USG-1 8.72 74.2 6.37 470 105 9.85 
USG-2 7.04 66 6.38 452 102.6 10.11 
USG-3 7.67 32.1 6.29 430 99 9.6 
BC-1 20.15 70.7 6.94 407 105.8 7.78 
BC-2 20.09 66.5 6.97 413 105.2 7.77 
BC-3 20.15 62.2 6.76 426 104.6 7.72 
BC-4 18.91 59.5 6.9 424 104.5 7.87 
CC-1 8.78 70.3 6.7 451 108.8 10.19 
CC-2 7.76 68.2 6.69 453 108.2 10.39 
CC-3 7.92 65.5 6.6 456 107.8 10.35 
CC-4 8.66 59.6 6.61 460 104.3 9.95 
CC-5 ND ND ND ND ND ND 
CC-6 ND ND ND ND ND ND 
CC-7 ND ND ND ND ND ND 
HOC-1 11 194 7.92 432 107 9.6 
HOC-2 9.98 179 7.8 433 105 9.6 
HOC-3 10.3 135 7.7 438 103 9.3 
HOC-4 9.47 184 7.58 432 105 9.73 
HOC-5 10.3 190 7.42 437 103 9.35 
HOC-6 9.25 96 7.06 445 102 9.48 
 
In addition to the comparison of methods, the data were analyzed for change in metal 
over the district. Table II shows some of the key metal ratios used for finding data trends. Since 
Zn/Mn had the best correlation, the pXRF data for this ratio were analyzed specifically. Utilizing 
ArcMap, distances along streams could be determined using the measure tool.  
SpC = Specific Conductance 
ORP = Oxidation-Reduction Potential 
LDO = Dissolved Oxygen 
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Table II: pXRF metal ratios for 2013 sampling 
Ratios reflect key metals in the Basin district. Ratios that could not be computed due to low detection limits are 
labeled as #N/A 
 
Each sampling location was measured from the Boulder River, along the center of each 
stream or streams. These distances were imported into excel and used to create Figure 17. Since 
data points were already in place in ArcMap, the data could also be expressed spatially in map 
view (Figure 18). Both these spatial analyses found a very strong trend in HOC, but much 
weaker trends in the other streams and drainages. High Ore Creek followed an overall increase in 
Zn/Mn ratio with distance downstream below the Comet Mine site.  There were also subtle 
changes in ratio near the confluence of smaller tributaries that emptied into High Ore Creek. 
These tributaries contain known historic mining centers within their respective watersheds, with 
some of the larger operations illustrated on the map. Whereas a similar increase in Zn/Mn ratio 
with distance downstream is shown in lower Basin Creek (BC4 to BC1), some streams showed 
SAMPLE Zn/Mn 
Cu/Mn 
x100 
As/Mn 
x100 
Pb/Mn 
x100 
Ag/Mn 
x100 Ni/Mn Ba/Mn Fe/Mn 
bm1 1.90 343 43.2 18.3 4.34 28.8 4.28 391 
bm2 0.122 1.84 0.349 0.099 0.038 0.384 0.026 0.617 
bm3 0.149 2.17 0.468 0.422 0.051 0.338 0.049 0.961 
usg1 0.228 11.9 0.309 0.195 0.031 0.157 0.017 0.169 
usg2 0.189 10.1 0.457 0.355 0.045 0.248 0.019 0.300 
usg3 0.181 10.8 0.465 0.418 0.048 0.169 0.022 0.45 
bc1 0.116 0.853 0.296 0.467 0.137 0.763 0.107 3.68 
bc2 0.103 0.596 0.260 0.178 0.040 0.394 0.033 0.723 
bc3 0.099 0.531 0.482 0.140 0.027 0.391 0.029 0.666 
bc4 0.066 0.555 0.200 0.250 0.094 0.755 0.098 2.33 
cc1 0.205 2.72 0.177 0.157 0.052 0.233 0.032 0.364 
cc2 0.190 4.06 0.307 0.923 0.057 0.266 0.034 0.715 
cc3 0.128 7.01 1.64 4.10 0.099 0.465 0.054 1.73 
cc4 0.072 0.991 0.172 0.489 0.130 0.399 0.062 0.712 
cc5 1.445 2.73 3.84 2.11 0.860 4.83 0.509 29.4 
cc6 0.656 19.2 5.93 20.1 #N/A 6.60 0.656 29.0 
cc7 0.012 0.047 0.081 0.043 0.027 0.187 0.017 0.451 
hoc1 0.461 0.279 0.637 0.488 0.031 0.156 0.012 0.128 
hoc2 0.445 0.103 0.406 0.242 0.028 0.120 0.016 0.085 
hoc3 0.389 0.045 0.387 0.105 0.021 0.080 0.015 0.062 
hoc4 0.299 0.071 0.251 0.052 0.018 0.102 0.010 0.087 
hoc5 0.210 0.036 0.136 0.051 0.010 0.080 0.007 0.078 
hoc6 0.003 0.050 0.080 0.046 0.039 0.234 0.028 0.667 
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the opposite trend in Zn/Mn ratio (e.g., tributary to Jack Creek below the Bullion Mine), or no 
trend (e.g., Cataract Creek).    
 
  
Figure 17: XRF vs ICP in the Basin region 
Correlation between XRF and ICP for the summer 2013 sampling events. Solid blue line indicates 1:1 line. 
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Figure 18: Change in Zn/Mn ratio with distance for the Basin district 
This figure analyzes each stream individually to observe the general increase in Zn/Mn ratio with distance downstream. The three 
major mines in the district are shown with a red X and are placed at their respective distances from the Boulder River. 
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Figure 19 Spatial analysis of Basin district 
Map showing the change of Zn/Mn ratio (from pXRF) throughout the Basin area. Created in ArcMap v. 10.1 
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Samples BM1, CC5, and CC6 had unusually high Zn/Mn ratios which exceed the ratio 
established by Shope et al. (2006) in which the dominant manganese oxide in High Ore Creek, 
birnessite, can only achieve a maximum Zn/Mn ratio of 0.33 (by at%). Converting this ratio to 
wt% gives a value of 0.39.  As birnessite is one of the most common manganese oxides and due 
to similar geology in the area, it is safe to assume that birnessite is the dominant phase in the other 
creeks. Shope et al.’s examination of 11 hydrous manganese zinc oxide crusts by scanning 
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) for High Ore Creek 
found Zn:Mn atomic ratios that ranged from 0.33 to 1.1 (0.39 to 1.31 by wt%).  Shope concluded 
that “additional Zn-rich phases (e.g., hetaerolite, hydrozincite, or ZnCO3) must also be present.” 
When examining the three point anomalies, BM1 and CC5 had Zn/Mn ratios well above the 0.39 
(wt%) threshold, suggesting that additional Zn phases other than hydrous Mn-oxide must be 
present in the mineral crusts from these sites.  If you examine other metal ratios (Table II) for 
these three points, it’s clear that all of these ratios are unusually high which, in fact, is due to the 
unusually low amount of Mn in the scans (see Appendix D).  In other words, the BM1 and CC5 
samples were not simple Mn-oxides, but included other mineral crusts, such as Fe-oxides.  For 
BM1, the occurrence of Fe-oxides is totally expected, given the abundance of orange-stained 
precipitates (Figure 4A).  While it is less clear if CC5 and CC6 were also the result of a more 
dominant iron oxide, iron concentrations are significantly higher than manganese in these two 
samples. 
For samples where both mineral crusts and water chemistry were collected, it was 
possible to compare the trace element concentrations of water and solid. Again Zn/Mn was used 
initially for comparison. The data in the Table III, also shown in Figure 18, show that, while the 
actual concentrations of trace elements were much lower in the water compared to the crusts, the 
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Zn/Mn ratios in the water were consistently higher than Zn/Mn ratios in the mineral crusts. 
Additional data for these water samples are in Appendix E. 
 Interestingly, the three sites with anomalously high Zn/Mn ratio in crusts (BM1, CC5, 
CC6) also had unusually high dissolved zinc concentrations in the water as compared to the 
samples collected elsewhere in their respective streams (Table III). The majority of the data in 
Figure 3-9 falls between the 1:10 and 1:100 lines, showing that Zn/Mn ratios in water are about 
10 to 100 times higher than Zn/Mn ratios in the crusts.  This is discussed in more detail in 
Chapter 4.  High Ore Creek again distinguishes itself from the rest of the streams, with most data 
points falling along the 1:10 line.   
Table III: Analyzed trace metals from filtered water samples 
Samples analyzed with ICP-MS unless otherwise noted. Ratios computed from metals below detection limits (b.d.) 
are labeled as #N/A. 
 
 
Sample Units Fe Mn Cu Zn Zn/Mn Fe/Mn Cu/Mn 
BM-1W mg/L 0.339 0.951 0.127 2.07 2.18 0.357 0.133 
BM-2W mg/L 0.139 0.075 0.012 0.171 2.28 1.86 0.165 
BM-3W mg/L 0.075 0.026 0.008 0.104 3.99 2.87 0.326 
USG-1W mg/L b.d. 0.063 0.065 0.668 10.5 #N/A 1.02 
USG-2W mg/L 0.083 0.113 0.085 0.735 6.51 0.738 0.750 
USG-3W mg/L b.d. 0.043 0.027 0.207 4.84 #N/A 0.638 
BC-1W mg/L 0.060 0.004 0.006 0.031 7.64 #N/A #N/A 
BC-2W mg/L 0.066 0.004 0.004 0.027 6.21 15.2 #N/A 
BC-3W mg/L 0.091 0.007 0.005 0.027 3.82 12.7 #N/A 
BC-4W mg/L 0.081 0.004 0.005 0.031 6.96 18.3 #N/A 
CC-1W mg/L 0.072 0.004 0.011 0.099 24.2 17.4 2.74 
CC-2W mg/L 0.071 0.004 0.011 0.101 23.0 16.3 2.51 
CC-3W mg/L 0.075 0.005 0.011 0.100 20.0 15.0 2.15 
CC-4W mg/L 0.087 0.003 0.005 0.035 12.4 30.6 #N/A 
CC-5W mg/L 0.018 0.002 0.004 0.205 #N/A #N/A #N/A 
CC-6W mg/L 0.077 0.005 0.010 0.117 23.9 15.7 2.00 
CC-7W mg/L 0.098 0.008 0.002 0.004 0.530 13.1 #N/A 
HOC-1W mg/L b.d. 0.034 b.d. 0.298 8.85 #N/A #N/A 
HOC-2W mg/L b.d. 0.058 b.d. 0.277 4.76 #N/A #N/A 
HOC-3W mg/L b.d. 0.166 b.d. 0.405 2.43 #N/A #N/A 
HOC-4W mg/L 0.065 0.261 b.d. 0.522 2.00 #N/A #N/A 
HOC-5W mg/L b.d. 0.419 b.d. 0.585 1.40 #N/A #N/A 
HOC-6W mg/L 0.018 0.006 b.d. 0.001 0.218 #N/A #N/A 
  *Samples analyzed with ICP-AES 
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3.3.2.  High Ore Creek Rapid Assessment 
After identifying the observed trends for High Ore Creek, an additional 20 pXRF scans 
provided a more detailed rapid assessment for manganese oxides. The concept of a decreasing 
metal ratio towards the source of mineralization/contamination again presented itself during the 
2014 sampling event. Increased ratios appear near tributaries that bring in additional dissolved 
metal ions from smaller mines. The Zn/Mn ratio also follows closely to the maximum Zn/Mn 
ratio achievable for birnessite as pointed out by Shope et al. (2006). Similar figures constructed 
for the 2013 samples were replicated to show these relationships in High Ore Creek (See Figures 
20 and 21). Additionally, Figure 20 shows the locations of the joining tributaries. While these 
trends were often observed for a variety of metals, the clearest relationships were more common 
Figure 20: Comparison of filtered water samples to manganese oxide crusts 
Solid blue line represents 1:1 ratio, dotted red line represents 1:10 ratio, and dotted orange line represents 1:100 ratio. 
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for metals with significant concentrations. The chemistry of the tributaries likely influences the 
ratios, based on the concentration of metals in their respective streams. This leads to a mixing 
effect near and directly below the confluences of the merging streams. This can be seen in Figure 
20 where ratios rapidly change directly below where these tributaries enter the stream. Other 
possible reasons for rapid changes in metal ratio/concentration that are not influenced by stream 
mixing, is the subject of the next section. 
Figure 21: Change in Zn/Mn ratio with distance for High Ore Creek 
This figure analyzes High Ore Creek to observe the general increase in Zn/Mn ratio with distance downstream. 
Tributaries were measured from endpoint to the Boulder River and are shown as blue arrows. Comet Mine’s 
location is shown with a red X and is placed at its respective distance from the Boulder River. 
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Figure 22: Zn/Mn summer 2014 sampling 
Map of High Ore Creek showing change in Zn/Mn ratio with increased proximity to the Comet Mine 
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4. Discussion  
Comparing the results of the powdered scans of the Lexington tunnel indicates that pXRF 
can in fact correlate to true values, for both direct concentrations and metal ratios. However, the 
work completed in the Basin area presents a less then compelling argument. The data suggests 
that direct field scans of manganese oxide coatings on stream boulders can give metal ratios that 
are inaccurate, particularly for Ba/Mn, Fe/Mn, and Ni/Mn. However, some ratios such as Zn/Mn 
and Cu/Mn, did correlate well with ICP-AES results.  Furthermore, direct scans of thin MnOx 
crusts in the streams of the Basin Creek and Cataract Creek watersheds gave results that are more 
prone to error as compared to direct scans of the thick crusts in High Ore Creek.  This is 
illustrated in Figure 4-1, which compares pXRF and ICP-AES results for High Ore Creek only. 
While not nearly as tight of fit as the powdered samples for Lexington tunnel, the trend shows 
HOC has a significantly higher level of accuracy than other streams in the area. This is most 
likely accounted for by the greater thickness of Mn-oxide crusts in High Ore Creek (several mm) 
compared to the other streams (<1 mm, in most cases). Another source of error is that the water 
quality of many of the streams has varied quite a bit in the past several decades, due to 
reclamation activities.  There is also no way of knowing if the Mn-oxide crust on a particular 
boulder had formed in the past year, or is a relic of stream conditions that existed 50 years ago. 
Other possible sources of error exist as well, such as boulder transport and diel cycling. The 
following sections address these aspects in more detail. 
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4.1. Depth of Penetration 
A key factor that likely affected the data for the Basin district was the penetration depth 
of each sample. Potts et al. (2008) defines the critical penetration depth as “the depth below the 
surface of the sample beyond which over 99% of the X-ray line emission of an element is 
absorbed within the sample and is not available for detection.” This penetration depth is directly 
related to the energy of the photons emitted from the pXRF unit and varies for each element. 
Specifically, lighter elements may only be scanned in the top few microns, while the penetration 
depth for the heavier elements is at the mm to cm scale (Potts, 2008; Saraci, 2001).  Meyers 
(2010) illustrated how the intensity of an X-ray beam passing through a sample is changed based 
on the elements and density of the sample, as shown by the exponential law equation below: 
Figure 23: High Ore Creek pXRF vs ICP-AES 
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     𝑰𝑰 =  𝑰𝑰𝑶𝑶𝒆𝒆(−[µ𝝆𝝆𝝆𝝆])      (1) 
  
where Io is the original beam intensity; µ is the element-specific mass attenuation coefficient 
(cm2 / g); ρ is the rock sample’s density; and I  is the intensity after traveling a distance x. This 
equation can be rearranged to evaluate for the critical penetration depth after 99% of the X-rays 
of an element have been absorbed or when I/Io = 0.01 (1%). This equation follows closely to the 
work done by Saraci (2001). The equation rearranged can be expressed as: 
     𝝆𝝆 =  − 𝐥𝐥𝐥𝐥(𝟎𝟎.𝟎𝟎𝟎𝟎)
µ×𝝆𝝆       (2) 
 
While analyzing manganese oxides, the density (ρ) of the sample would remain the same, 
however the mass attenuation coefficient (µ) varies with the X-ray energy. In general, heavier 
elements emit higher energy X-rays than lighter elements and because of this are able to 
penetrate further through the sample. 
 Due to the project’s primary focus on elements with intermediate atomic mass (e.g., Cu, 
Mn, Zn), it is probable that the pXRF method is picking up information from the underlying 
rock, especially when the MnOx crust is thin (< 1 mm).  This would explain why High Ore 
Creek, with its much thicker MnOx crusts, had the most accurate pXRF data of all the analyzed 
streams.  If X-rays did in fact penetrate into the rock underneath, there would be high variability 
depending on the lithology of one boulder or another. This would be especially true for the rock-
forming elements, such as Al, Fe, Si, etc., but also some trace elements, such as Ba, that could be 
present as impurities in feldspar. Though most boulders were typically granitic, this was not 
always true. There is also the possibility that a particular boulder may have included vein 
mineralization or hydrothermal alteration prior to being coated with Mn-oxide, leading to a 
“nugget effect” for specific elements (e.g., Zn, Pb, Cu). The probability of encountering 
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mineralized boulders in the streambed increases with proximity to the mine sites, especially for 
the Bullion Mine (Jack Creek) and Crystal Mine (Uncle Sam Gulch).  Given the extensive 
reclamation work done at the Comet Mine, this would seem to be less of a problem for High Ore 
Creek.  However, visual inspection of the reclaimed site shows that mineralized boulders are still 
present in the area down-gradient of the historic mill.
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4.2. Boulder Transport 
Performance of spatial analysis showed that the Mn/Zn ratios of MnOx crusts tended to 
decrease with proximity to mine sites. A number of instances, however, diverged from this trend. 
While the penetration depth is likely the largest influence on data anomalies, boulder transport 
and stream mixing are other potential causes. Boulders that were selected in this study were 
typically the size of a grapefruit or larger and, when possible, were taken from areas of low 
stream velocity.  However, there is no guarantee that the boulders used in the study had not 
recently been disturbed. The overall likelihood of transport is very low and if it was a responsible 
party, the method of selecting multiple boulders at each sampling location would have reduced 
some of the variability. 
4.3. Temporal Changes in Stream Chemistry 
In addition to the problems noted above, analysis of MnOx crusts coating boulders in a 
streambed may be influenced by the fact that the chemistry and water quality of many of the 
streams in the study area have changed as a function of time.  This is true on a decadal time-
scale, due to the history of mining and later reclamation that has taken place.  Using High Ore 
Creek as an example, it is probable that loadings of heavy metals were much lower prior to 
mining disturbances.  The historic practice of dumping tailings and waste rock in the active 
stream channel is the most likely reason for the highly elevated loads of heavy metals (Zn, Mn, 
Cd) and arsenic in High Ore Creek prior to reclamation.  Monitoring in the past 20 years has 
shown that reclamation substantially reduced metal loads in High Ore Creek, although possibly 
not to pre-mining conditions.   This is important in the current study because there is no sure way 
of knowing if a MnOx crust on a particular boulder formed during the pre-mining, post-mining 
but pre-reclamation, or post-reclamation period.  One factor that lessens this uncertainty in High 
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Ore Creek is that the MnOx crusts appear to be growing at a fast rate, and therefore there is a 
higher likelihood that an MnOx sample has re-equilibrated with the modern-day stream 
chemistry.   
Superimposed on the decadal trends in water quality, each stream likely shows changes in 
chemistry at a seasonal and diel (24-h) time frame.   Seasonal changes are due to the hydrograph 
cycle of high flow in spring and early summer, and low flow in late summer into the winter.  It is 
probable that most of the growth of MnOx on the streambed occurs during the warm, low-flow 
months of late summer and fall.   However, it is also possible that dissolved solutes are 
transported further downstream during high-flow conditions, which could mean that MnOx 
growth at any one location is dependent on the time of year.  This also means that MnOx growth 
at a downstream location may not occur at the same time of year as MnOx growth at an upstream 
location.   
In the results of the study in Nimick et al. (2003), the authors showed that dissolved metal 
concentrations such as Zn, Mn, Cu, Cd, Ni, and As show diel (daily) variability for streams in the 
Basin district. Figure 24 illustrates this variability for High Ore Creek data collected by Nimick 
et al. (2003). While all the dissolved metals observed by the authors show diel variability, zinc 
concentrations showed the greatest magnitude of change, with maximum concentrations of Zn, 
Mn, and Cd tending to occur in early morning, and minimum concentrations late in the 
afternoon.  Cu and As concentrations show the opposite trend. Shope et al. (2006) showed that 
the Zn diel cycling observed by Nimick et al. (2003) for High Ore Creek could easily be 
reproduced in the laboratory using boulders (with hydrous Mn-Zn oxide crusts and surface 
biofilm), water from the stream, and a light to represent the day/night changes. Shope et al. 
(2006) concluded that diel changes in Zn and Mn concentrations were best explained by sorption 
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of Zn and Mn onto the mineralized crusts. These previous studies indicate that diel changes (in 
particular for Zn and Mn) would likely be another important factor for the observed variability in 
the data for this project. Whereas the compositions of the mineral crusts are not likely to change 
on a diel time scale, the concentrations of Zn and Mn, as well as the Zn/Mn ratio, could change 
quite a bit depending on the time of day that a water sample was collected.   
4.4. Zn/Mn Downstream Model 
A simple mass balance model was constructed to calculate the change in the Zn/Mn ratio 
in the solid and aqueous phase with distance downstream from the source of metal loading.  At 
each sampling site in the Basin district, a Kd value was calculated for the following reaction: 
  [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑎𝑎𝑎𝑎 =  𝐾𝐾𝑑𝑑 ∗ [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑠𝑠 
 
Figure 24: Results from Nimick et al. (2003) 
Data collected for High Ore Creek shows diel variation for Zn, Mn, As, Cd, and Cu. 
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where [Zn/Mn]aq is the measured Zn/Mn ratio in the filtered stream water, [Zn/Mn]s is the same 
ratio in the MnOx crusts (based on ICP analysis of digested crust samples), and Kd is the 
distribution coefficient.  The values of Kd for each stream were then averaged (See Table IV). It 
is probable that values of Kd are pH-dependent, and may also depend on the concentrations of 
other solutes in the stream.  For this reason, the Kd values should be taken as empirical data, not 
fundamental thermodynamic data.   
Sample Kd Avg* Avg**
BM-1W 0.65
BM-2W 6.73 5.93
BM-3W 10.39
USG-1W 26.73
USG-2W 41.43 25.97
USG-3W 9.74
BC-1W 31.46
BC-2W 34.63 53.80
BC-3W 13.50
BC-4W 135.60
CC-1W 47.20
CC-2W 47.22 34.14
CC-3W 178.08
CC-4W 64.74 59.42
CC-5W 29.76
CC-6W 28.94
CC-7W 19.97
HOC-1W 9.71
HOC-2W 6.67
HOC-3W 3.93 9.73
HOC-4W 4.24
HOC-5W 3.07
HOC-6W 30.75
*Average per creek
**Average all samples
Determining Kd
Table IV: Kd values 
Determined from exchange of Zn and Mn between aqueous 
phase and solid MnOx in the Basin d 
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 Using the determined Kd value for High Ore Creek and initial Mn and Zn concentrations 
from HOC-5 (near the source of contamination) the mass balance model was constructed using  
the following steps: 
1) Assume initial conditions:   [𝑀𝑀𝑍𝑍]𝑖𝑖 =  0.41 𝑚𝑚𝑚𝑚/𝐿𝐿, [𝑍𝑍𝑍𝑍]𝑖𝑖 =  0.58 𝑚𝑚𝑚𝑚/𝐿𝐿, [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑎𝑎𝑎𝑎, 𝑖𝑖 =  1.41 
2) Assume Kd = 9.73 
3) Precipitate 0.05 mg of Mn  
4) This will co-precipitate X mg of Zn [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑎𝑎𝑎𝑎 =  𝐾𝐾𝑑𝑑 ∗ [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑠𝑠 
 1.41 =  9.73 ∗ [ 𝑋𝑋0.05𝑚𝑚𝑚𝑚]𝑠𝑠 
  
𝑋𝑋 =  1.41 ∗ 0.0510 =  0.00705 𝑚𝑚𝑚𝑚 𝑍𝑍𝑍𝑍 
5) Calculate [Zn/Mn]s of precipitate 
 [𝑍𝑍𝑍𝑍
𝑀𝑀𝑍𝑍
]𝑠𝑠 =  0.007050.05  =  0.141  
6) Calculate new values for [Mn] and [Zn] 
 
[Mn] = 0.41 – 0.05 = 0.36 mg/L 
[Zn] = 0.58 – 0.00705 = 0.573 mg/L 
New [Zn/Mn]aq = 0.573/0.36 = 1.592 
 
7) Repeat steps 3 to 6 until all Mn is precipitated out of water 
 
The model curves generated from this method (Fig. 25A) show the observed increase in 
Zn/Mn ratio of both the water and the MnOx crusts with distance downstream.   The model is 
limited as it does not account for the number of adsorption sites nor does it address any kinetics 
involved. It simply shows how the Zn/Mn ratios of the co-existing water and solid phases 
increase with distance downstream from a source rich in these metals, such as a polymetallic 
vein deposit.  The field data acquired for High Ore Creek closely match the calculated trends. 
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The model was then rerun for other streams in the study area, using different Kd values and 
initial Mn and Zn concentrations. Figure 25B shows the agreement between modeled and 
observed Zn/Mn trends for lower Basin Creek. 
Figure 25: Zn/Mn downstream model 
Change in Zn/Mn ratio from dissolved concentrations in water (aq) and Mn-oxide crust (s). Two separate models are shown using 
different initial conditions to match field data for (A) High Ore Creek and (B) Basin Creek. 
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Theoretically, it should be possible to use this same approach to model trends in other 
metal ratios with distance downstream, such as Cu/Mn or Cd/Mn, etc..   As long as the Kd value 
is greater than 1, the metal/Mn ratios should always increase with distance downstream.  If the 
Kd value is less than 1 (as would be the case for a metal that adsorbs very strongly onto MnOx 
and has a low solubility in the aqueous phase), then the opposite trends would be seen, i.e., the 
metal/Mn ratios will decrease with distance downstream.  The current study doesn’t really have 
any good examples of the latter case, although this may have been obscured by detection limit 
problems and a lack of data for some streams.  
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5. Conclusions and Recommendations 
5.1. Conclusions 
This project has shown that portable X-ray fluorescence can be a powerful tool for both mineral 
exploration and environmental geochemistry.  Specific findings include:  
• This study has shown that, under optimal conditions, scanning of secondary MnOx crusts 
in the field can give good agreement for trace metal concentrations compared to chemical 
analyses of bulk digests.  Optimal conditions include: 1) the sample should be dry; 2) the 
sample should be homogenous; and 3) the MnOx sample should be thick enough so that 
the pXRF doesn’t penetrate to the underlying substrate.   
• For wet solids, the pXRF gives metal concentrations that are consistently low.  However, 
the metal ratios (e.g., Mn/Zn) obtained on wet samples were found to be very close to the 
measured ratios in the same samples after drying.    
• Results from the Butte district show that changes in the trace metal content of secondary 
MnOx crusts mimic the primary zonation of the ore deposit on a district scale. 
Concentrations of Cu and As in MnOx crusts were higher in the Cu-rich Central and 
Intermediate zones, whereas concentrations of Pb, Zn, and Ag in MnOx were higher in 
the outer, Peripheral Zone, which was also the main historic producer of Pb-Zn-Ag.   It 
should be possible to rapidly map out trace metal zonation in weathered outcrops of any 
unmined mineral deposit using pXRF.    This method would likely be applicable for iron 
oxides and other minerals capable of scavenging metals of economic importance. 
• Zn/Mn metal ratios obtained from Mn-oxide crusts in contaminated watersheds show a 
distinct spatial relationship to the sources of contamination. This project has shown that 
the Zn/Mn ratio tends to decrease with increasing proximity to the source. Zn/Mn ratios 
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from filtered water samples were also found to show this relationship. Ratios were found 
to be more effective at showing this decrease, as increases in concentration of zinc were 
counterbalanced by increases in manganese. 
• Other metal/Mn ratios, such as Cu/Mn, Pb/Mn, Ag/Mn, and As/Mn, follow a similar 
trend, but the reduced concentrations of these metals often made noticeable trends less 
distinguishable. 
• A simple mass balance model has shown that the increasing Zn/Mn ratio both in the 
crusts and the water downstream from the contaminant source could easily be modeled if 
the initial metal concentrations are known and a mathematical relationship (Kd value) 
between Zn/Mn in aqueous and solid phase is known. 
• Possible sources of error in a rapid assessment of trace metal concentrations in streams 
include: 
o Variable thickness of secondary mineral crusts which result in variable 
incorporation of X-ray signals from the underlying rock.  In general, the signal for 
heavier elements with higher energy X-rays will penetrate deeper than for light 
elements.   
o Downstream transport of cobbles and boulders during floods. 
o The confluence of tributary streams which creates a mixing zone in both stream 
chemistry and bedload composition  
o Temporal changes in stream chemistry on a decade-scale, a seasonal scale, and 
even a diel (24-h) scale. 
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5.2. Recommendations 
• The methods and observed trends from this project should be applied to other areas where 
Mn-oxides are abundant in weathered outcrops or in the stream bed. Will the mineral 
zonation show up in other zoned orebodies? Can an orebody or contamination source be 
found following spatial gradients in trace metal concentration or metal ratio? 
• The Zn/Mn mass balance model could be expanded with additional data to take into account 
pH effects, temperature effects, competing solutes, concentrations of adsorption sites, and 
precipitation/dissolution kinetics. 
• Similar studies could be conducted on trace metal partitioning onto hydrous iron oxides or 
hydrous aluminum oxides.   
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Appendix A: Lexington Tunnel XRF Data 
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Date Duration Units SAMPLE LOCATION Pb Pb Error As As Error Zn Zn Error Cu Cu Error Fe Fe Error Mn Mn Error Ba Ba Error
6/7/2013 75 ppm topgrizz D 4401.05 112.32 175.62 79.36 97480.33 1392.8 10162.48 213.21 90258.55 864.66 249075.28 1949.09 677.02 133.48
6/7/2013 75 ppm topgrizz D 3198.33 86.36 211.55 65.55 78765.11 1084.03 8174.62 177.16 77534.57 766.79 221597.66 1753.92 1177.54 143.94
6/7/2013 75 ppm topgrizz D 3128.38 82.66 224.94 63.19 74338.94 998.09 8000.24 170.13 76233.27 741.99 212887.86 1661.9 876.26 138.09
6/7/2013 225 ppm D 3575.92 93.78 204.04 69.37 83528.13 1158.31 8779.11 186.83 81342.13 791.15 227853.58 1788.3 910.28 138.5
6/7/2013 75 ppm middrift F 315.6 25.63 720.85 37.55 124053.98 1549.52 551.43 47.85 13133.64 337.38 193992.83 1455.69 681.47 113.02
6/7/2013 75 ppm middrift F 427.71 33.98 920.81 49.25 162424.13 2318.13 747.24 61.02 16270.28 389.73 228984.31 1765.49 1063.97 173.58
6/7/2013 75 ppm middrift F 712.09 44.62 972.1 56.88 173213.55 2550.3 792.1 64.73 19251.14 420.23 232752.84 1855.49 1211.12 162.86
6/7/2013 225 ppm F 485.13 34.74 871.25 47.89 153230.55 2139.31 696.92 57.87 16218.36 382.45 218576.67 1692.22 985.52 149.82
6/7/2013 75 ppm straws A 365.17 33.51 197.91 31.85 582.96 45.08 103.29 41.96 479860.72 4507.64 329.81 119.22 686.16 140.65
6/7/2013 75 ppm straws A 412.23 35.22 204.4 33.28 2280.35 89.04 136.61 43.72 475630.13 4476.85 276.92 118.18 624.04 134.15
6/7/2013 75 ppm straws A 354.17 34.16 273.29 34.28 622.33 47.65 < LOD 60.6 489875.94 4693.68 189.72 118.35 564.45 127.09
6/7/2013 225 ppm A 377.19 34.3 225.2 33.14 1161.88 60.59 97.03 42.03 481788.91 4559.39 265.48 118.58 624.89 133.96
6/7/2013 75 ppm missgrizz E 5135.13 112.38 416.45 78.86 76069.41 990.06 12146.82 217.62 119230.02 995.02 118315.73 1027.48 593.61 110.12
6/7/2013 75 ppm missgrizz E 4232.91 92.53 384.2 68.11 64785.35 800.52 10324.83 184.49 104952.61 874.92 111770.6 963.45 410.88 115.36
6/7/2013 75 ppm missgrizz E 4116.8 88.95 307.62 65.4 62037.6 763.72 9959.15 177.19 103007.22 864.19 107346.23 937.25 620.9 119.6
6/7/2013 225 ppm E 4494.95 97.95 369.42 70.79 67630.79 851.43 10810.27 193.1 109063.28 911.38 112477.52 976.06 541.8 115.03
6/7/2013 75 ppm brkroommnx G 1966.95 91.32 143.67 72.66 239463.05 3993.71 5676.92 171.96 60050.3 684.24 197098.91 1587.65 770 182.32
6/7/2013 75 ppm brkroommnx G 1788.35 81.56 112.8 65.34 222290.84 3508.79 5269.45 156.32 58678.34 649.37 185641.58 1467.63 843.31 173.41
6/7/2013 75 ppm brkroommnx G 1756.57 81.31 220.91 67.05 221862.48 3532.01 5268.38 157.47 57999.57 652.24 185936.31 1484.9 883.15 168.88
6/7/2013 225 ppm G 1837.29 84.73 159.13 68.35 227872.13 3678.17 5404.92 161.92 58909.4 661.95 189558.92 1513.4 832.15 174.87
6/7/2013 75 ppm mn2 C 688.1 30.95 363.09 31.74 40757.74 520.45 544.92 42.58 25872.42 409.47 282260.03 1998.4 1370.2 84.83
6/7/2013 75 ppm mn2 C 661.4 30.13 359.15 31.1 39734.91 500.54 436.37 39.53 25317.53 405.05 275304.34 1943.48 1407.62 84.59
6/7/2013 75 ppm mn2 C 654.97 30.07 385.47 31.4 44348.74 549.9 516.8 41.45 24831.8 398.79 278898.97 1940.23 1302.97 90.68
6/7/2013 225 ppm C 668.16 30.38 369.24 31.41 41613.8 523.63 499.36 41.19 25340.58 404.44 278821.13 1960.7 1360.26 86.7
6/7/2013 75 ppm mn3 B 1326 28.07 121.7 21.2 18910.37 173.07 663.05 29.22 31767.7 327.46 12956.4 243.62 700.65 53.46
6/7/2013 75 ppm mn3 B 1632.97 32.99 110.71 24.95 25076.56 229.04 1447.62 42.57 30651.59 327.03 13921.1 255.75 688.88 50.44
6/7/2013 75 ppm mn3 B 1474.34 30.03 146.59 22.5 21555.69 190.83 723.74 30.4 31653.92 316.6 14365.05 248.79 720.09 53.88
6/7/2013 225 ppm B 1477.77 30.36 126.33 22.88 21847.54 197.65 944.8 34.06 31357.74 323.7 13747.52 249.39 703.2 52.59
6/7/2013 75 ppm cuox I 225.92 13.66 2309.07 33.68 14210.19 146.05 55152.05 457.39 21534.08 254.66 4180.37 155.13 436.41 46.82
6/7/2013 75 ppm cuox I 198.58 12.89 2270.27 33.09 13578.92 140.28 54313.45 445.92 17518.89 228.59 4082.62 152.3 522.6 48.88
6/7/2013 75 ppm cuox I 229.25 13.81 2313.97 33.81 14236.03 146.58 55767.18 464.46 22966.81 263.92 4345.01 158.2 530.69 46.98
6/7/2013 225 ppm I 217.91 13.45 2297.77 33.53 14008.38 144.3 55077.56 455.92 20673.26 249.06 4202.67 155.21 496.57 47.56
6/7/2013 75 ppm pyvn H 2110.5 47.34 198.4 39 8782.32 131.55 135.81 24.79 195743.8 1395.15 2001.06 118.74 477.72 95.83
6/7/2013 75 ppm pyvn H 2485.55 52.18 179.91 41.85 9481.49 139.28 154.81 25.36 197682.92 1412.81 1880.93 116.19 288.74 87.96
6/7/2013 75 ppm pyvn H 2244.22 49.08 214.07 40.23 8803 131.94 182.73 26.36 188398.23 1362.76 1945.79 118.97 399.05 92.65
6/7/2013 225 ppm H 2280.09 49.53 197.46 40.36 9022.27 134.26 157.78 25.5 193941.64 1390.24 1942.59 117.97 388.5 92.15
6/7/2013 75 ppm AL C 11.25 4.27 238.67 9.83 30557.02 268.18 < LOD 26.67 160.49 45.5 1454.81 86.85 631.21 55.15
6/7/2013 75 ppm AL C 8.4 4.06 229.55 9.49 30678.66 264.74 < LOD 26.36 176.3 45.72 1573.94 88.58 622.34 54.26
6/7/2013 75 ppm AL C 7.41 3.92 212.16 9.05 27649.94 242.21 29.75 17.24 191.28 44.79 1437.6 84.66 634.61 55.68
6/7/2013 225 ppm C 9.02 4.08 226.79 9.45 29628.54 258.37 < LOD 26.3 176.02 45.33 1488.79 86.69 629.39 55.03
*Average of three scans
Lexington - XRF - Powdered Samples
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Sample Zn/Mn Zn/Fe Fe/Mn Mn/Fe Cu/Mn Cu/Fe Pb/Mn Pb/Fe As/Mn As/Fe Ba/Mn Ba/Fe
topgrizz 0.3666 1.0269 0.3570 2.8012 0.0385 0.1079 0.0157 0.0440 0.000895 0.002508 0.003995 0.011191
middrift 0.7010 9.4480 0.0742 13.4771 0.0032 0.0430 0.0022 0.0299 0.003986 0.05372 0.004509 0.060766
straws 4.3765 0.0024 1814.7842 0.0006 0.3655 0.0002 1.4208 0.0008 0.848275 0.000467 2.353812 0.001297
missgrizz 0.6013 0.6201 0.9696 1.0313 0.0961 0.0991 0.0400 0.0412 0.003284 0.003387 0.004817 0.004968
brkroommnx 1.2021 3.8682 0.3108 3.2178 0.0285 0.0917 0.0097 0.0312 0.000839 0.002701 0.00439 0.014126
mn2 0.1492 1.6422 0.0909 11.0029 0.0018 0.0197 0.0024 0.0264 0.001324 0.014571 0.004879 0.053679
mn3 1.5892 0.6967 2.2810 0.4384 0.0687 0.0301 0.1075 0.0471 0.009189 0.004029 0.051151 0.022425
cuox 3.3332 0.6776 4.9191 0.2033 13.1054 2.6642 0.0519 0.0105 0.546741 0.111147 0.118156 0.02402
pyvn 4.6445 0.0465 99.8366 0.0100 0.0812 0.0008 1.1737 0.0118 0.101648 0.001018 0.199991 0.002003
AL 19.9011 168.3248 0.1182 8.4581 #N/A #N/A 0.0061 0.0512 0.152332 1.288433 0.422753 3.575673
Lexington - Metal Ratios - Powdered Samples
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Appendix B: Lexington Tunnel ICP Data 
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Appendix C: Anaconda Collection XRF Data 
Date Units SAMPLE Latitude Longitude LOCATION Mo Mo Error Pb Pb Error As As Error Zn Zn Error
10/17/2013 ppm 126 46.0112 -112.5220 badger 17.81 3.79 148.26 20.73 276.66 24.94 310.67 71.07
10/17/2013 ppm 107 46.0304 -112.5230 badger 5.77 2.26 95.84 6.74 86.40 6.58 1,038.89 23.38
10/17/2013 ppm 286 46.0175 -112.5230 st lawrence 34.22 4.12 < LOD 34.89 5,394.65 106.33 5,678.02 131.13
10/17/2013 ppm 287 46.0175 -112.5230 st lawrence 354.07 7.19 196.18 14.55 1,818.36 37.40 206.19 18.16
10/17/2013 ppm 735 46.0229 -112.5320 MT CON < LOD 2.80 22.22 3.50 24.67 3.93 102.67 7.82
10/17/2013 ppm 3764 46.0201 -112.5060 leonard 3.10 1.17 144.37 6.36 < LOD 7.02 1,894.58 25.70
10/17/2013 ppm 4252 46.0333 -112.5220 erlu 11.95 4.41 598.18 42.74 24,675.33 492.27 11,022.24 217.24
10/17/2013 ppm 6617 46.0111 -112.5660 orphan girl 17.25 4.62 99,550.16 1,453.18 3,850.91 264.25 2,274.56 62.10
10/17/2013 ppm 6619 46.0111 -112.5660 orphan girl < LOD 13.92 397,729.41 13,890.47 24,417.61 1,118.37 598.08 63.02
10/17/2013 ppm 7049 46.0300 -112.5380 nwalkerville 38.76 1.97 681.20 16.35 674.15 17.72 239.16 12.46
10/17/2013 ppm 10072 46.0064 -112.5474 butte < LOD 300,000.00 1,169.68 42.27 186.64 37.18 10,712.29 187.98
10/17/2013 ppm 10072 46.0064 -112.5474 butte < LOD 300,000.00 1,307.36 47.46 353.61 43.11 21,540.74 338.00
10/17/2013 ppm 10072 46.0064 -112.5474 butte 5.25 2.17 53.97 8.32 166.67 11.31 6,920.30 95.76
10/17/2013 ppm 10449 46.0049 -112.4786 continental 299.89 6.36 139.89 10.37 26.53 8.29 3,030.15 63.26
10/17/2013 ppm 10812 46.0111 -112.5660 orp girl < LOD 8.46 134,347.89 2,734.21 < LOD 633.08 7,015.64 184.75
Date Units SAMPLE Latitude Longitude LOCATION Cu Cu Error Fe Fe Error Mn Mn Error Ag Ag Error
10/17/2013 ppm 126 46.0112 -112.5220 badger 136,258.92 1,842.29 237,841.81 1,895.03 317.90 100.61 483.59 36.33
10/17/2013 ppm 107 46.0304 -112.5230 badger 1,357.48 31.14 50,488.11 367.25 1,483.69 71.80 < LOD 9.22
10/17/2013 ppm 286 46.0175 -112.5230 st lawrence 384.17 47.23 439,434.31 3,608.15 475.72 105.03 < LOD 25.34
10/17/2013 ppm 287 46.0175 -112.5230 st lawrence 1,247.52 46.30 271,466.28 1,703.47 529.70 81.79 < LOD 18.44
10/17/2013 ppm 735 46.0229 -112.5320 MT CON 264.13 14.49 32,849.03 264.05 247.98 39.05 < LOD 6.02
10/17/2013 ppm 3764 46.0201 -112.5060 leonard 527.98 17.08 172.50 52.95 24,601.56 244.27 17.24 5.51
10/17/2013 ppm 4252 46.0333 -112.5220 erlu 218,662.91 3,049.89 199,595.44 1,524.73 333.76 93.93 1,435.98 79.92
10/17/2013 ppm 6617 46.0111 -112.5660 orphan girl 585.43 39.15 34,856.04 512.26 65,813.27 845.22 21.16 13.10
10/17/2013 ppm 6619 46.0111 -112.5660 orphan girl 499.74 70.98 1,848.09 418.05 103,417.03 2,699.97 290.85 59.66
10/17/2013 ppm 7049 46.0300 -112.5380 nwalkerville 323.95 18.37 19,446.00 224.57 77,393.30 520.66 47.52 9.20
10/17/2013 ppm 10072 46.0064 -112.5474 butte 394.21 44.14 8,342.55 373.49 479,338.31 3,607.37 < LOD 27.40
10/17/2013 ppm 10072 46.0064 -112.5474 butte 489.62 47.86 33,667.87 498.80 518,847.38 3,890.27 < LOD 21.30
10/17/2013 ppm 10072 46.0064 -112.5474 butte < LOD 300,000.00 29,330.45 341.13 156,500.61 1,039.50 < LOD 15.35
10/17/2013 ppm 10449 46.0049 -112.4786 continental 61,438.59 459.88 17,063.70 216.56 61,906.59 465.51 < LOD 9.70
10/17/2013 ppm 10812 46.0111 -112.5660 orp girl 3,010.50 121.08 57,871.09 984.90 419,757.78 5,396.29 1,407.09 102.06
AMC - XRF Scans
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Appendix D: Basin XRF Data 
 
 
 
Time Dur. Units SAMPLE Pb Pb Error As As Error Zn Zn Error Cu Cu Error Ni Ni Error Fe Fe Error Mn Mn Error Cd Cd ErrorAg Ag Error Ba Ba Error
6/14/2013 13:06 75 ppm hoc4 103.11 13.18 772.5 25.77 68003.45 748.22 < LOD 38.35 208.16 41.06 11321.34 299.89 194016.8 1340.78 246.93 25.53 45.4 13.49 2482.65 89.47
6/14/2013 13:08 75 ppm hoc4 57.59 7.55 169.92 10.14 31998.78 301.67 < LOD 28.35 152.94 26.01 12018.51 314.79 124854.3 843.09 98.78 14.47 12.95 8.02 885.91 48.79
6/14/2013 13:10 75 ppm hoc4 93.66 10.61 397.83 16.57 47456.34 474.12 152.45 28.81 140.79 32.15 16241.96 434.54 159782.8 1057.92 108.87 18.88 25.7 10.95 1509.94 70.13
6/14/2013 13:12 75 ppm hoc4 69.29 8.88 231.79 12.53 39782.14 391.28 70.58 23.3 136.15 28.59 15028.97 387.05 146783.1 981.38 126.38 16.37 < LOD 12.79 1417.61 58.29
6/14/2013 13:33 75 ppm hoc5 84.66 8.85 147.38 10.2 26427.3 255.86 < LOD 27.31 174.96 26.01 11698.82 324.28 137922.3 902.31 56.16 13.26 20.44 8.24 1282.07 52.23
6/14/2013 13:35 75 ppm hoc5 69.5 8.81 204.03 11.84 36518.59 361.96 < LOD 31.71 113.46 27.95 14331.13 405.6 172381 1096.22 82.25 15.38 < LOD 12.3 1061.27 55.44
6/14/2013 13:39 75 ppm hoc5 106.2 10.58 285.58 14.15 36210.57 365 62.37 22.64 171.65 28.97 10796.77 256.66 147312.8 1002.55 109.12 15.81 13.51 8.66 1397.99 57.65
6/14/2013 13:41 75 ppm hoc5 91.73 11.57 305.87 16.39 46698.75 521.34 < LOD 40.39 98.1 33.92 17572.56 584.05 237378.2 1558.38 183.96 19.51 18.3 9.82 1290.7 62.48
6/14/2013 13:59 75 ppm HOC3 240.92 19.95 681.87 31.16 79692.9 917.67 79.72 29.91 121.27 45.84 8294.41 299.6 207781.9 1474.25 337.4 30.05 38.3 14.23 3593.18 108.47
6/14/2013 14:00 75 ppm HOC3 155.61 18.03 807.78 33.57 83745.61 1015.47 89.71 32.27 95.36 48.44 8920.35 320.07 237202 1700.65 331.59 29.13 35.38 13.64 2629.69 95.59
6/14/2013 14:02 75 ppm HOC3 209.5 15.53 643.43 22.32 56407.3 556.65 102.05 22.95 132.19 33.71 9927.16 378.22 124379.4 895.09 196.65 22.23 38.02 12.06 2231.04 80.36
6/14/2013 14:04 75 ppm HOC3 219.28 20.07 916.61 32.08 85997.77 1012.01 84.95 31.2 284.31 50.82 21383.49 724.68 217793.5 1547.07 301.21 28.52 52.11 14.66 3707.87 107.54
6/14/2013 14:24 75 ppm hoc2 348.9 13.49 126.18 11.46 13371.52 125.8 50.63 13.8 40.9 18.11 3990.64 127.83 35088.47 382.19 44.06 12.4 17.3 7.76 745.27 45.11
6/14/2013 14:26 75 ppm hoc2 190.86 14.08 376.25 17.24 45943.32 442.75 117.58 21.57 124.19 30.26 8934.17 338.44 121712.4 867.78 116.06 16.66 30.62 9.77 1610.45 61.99
6/14/2013 14:27 75 ppm hoc2 327.2 20.74 620 25.47 69569.7 719.67 182.51 28.11 206.17 39.39 15755.23 499.55 155825.7 1095.08 217.34 22.1 50.81 12.28 2925.12 84.6
6/14/2013 14:30 75 ppm hoc2 227.01 17.19 713.3 24.92 72238.73 721.92 116.44 25.39 169.91 38.53 9522.84 435.08 139398.5 981.14 194.03 21.75 28.87 11.41 2030.01 76.79
6/14/2013 14:35 75 ppm hoc6 21.64 4.81 51.61 5.45 252.37 14.71 21.27 13.18 156.86 21.01 50665.7 427.35 71462.1 583.83 36.45 13.62 18.94 8.74 1068.59 53.97
6/14/2013 14:36 75 ppm hoc6 23.84 4.73 51.67 5.36 179.48 12.54 20.85 13.21 98.57 20.26 43000.08 388.96 49505.91 475.44 28.96 14.47 18.43 9.42 1308.08 60.7
6/14/2013 14:38 75 ppm hoc6 24.1 4.25 26.71 4.04 70 7.77 30.93 10.94 83.86 16.88 12966.79 199.53 21091.18 296.86 24.85 11.61 < LOD 10.78 1401.12 50.19
6/14/2013 14:40 75 ppm hoc6 14.83 3.73 16.39 3.42 102.17 8.81 17.65 10.4 86.13 16.59 14720.61 211.52 39835.53 393.62 < LOD 16.15 16.17 7.23 1394.99 48.03
6/14/2013 14:53 75 ppm hoc1 1357.3 42.8 1273.42 43.71 74084.94 780.56 282.96 31.95 231.24 43.57 10627.82 274.56 136993.8 1015.66 109.78 18.25 58.49 11.96 958.16 61.66
6/14/2013 14:55 75 ppm hoc1 628.9 29.47 1198.99 36.64 76923.78 816.02 583.66 39.11 216.24 43.27 12981.96 521.24 160093.5 1136.43 287.61 25.67 34.85 12.46 2121.45 82.44
6/14/2013 14:56 75 ppm hoc1 70.06 7.77 178.98 9.92 25656.67 237.03 210.17 20.59 159.25 23.77 28424.77 307.86 64859.75 549.56 65.51 14.12 24.23 8.77 1380.15 55.5
6/14/2013 14:58 75 ppm hoc1 91.92 8.4 152.15 9.54 26168.72 232.54 153.89 18.62 78.4 22.2 4429.43 196.39 78003.76 604.16 83.26 14.47 20.33 8.53 728.7 48.49
6/21/2013 15:11 75 ppm cc3 101.39 7.55 38.37 6.44 80.39 8.71 54.08 12.68 32.93 18.39 65719.77 474.92 592.09 61.16 38.41 13.04 19.77 8.39 1507.29 55.38
6/21/2013 15:13 75 ppm cc3 2267.4 38.1 518.14 30.94 6829.82 73.8 3478.8 61.29 173.49 24.14 33528.87 343.77 58908.47 532.62 64.82 15.15 19.65 9.2 1243.32 58.5
6/21/2013 15:14 75 ppm cc3 376.08 13.26 591.77 14.86 461.9 16.36 239.14 16.16 < LOD 23.48 14739.08 215.03 649.78 52.95 29.69 11.46 16.35 7.36 411.67 39.91
6/21/2013 15:16 75 ppm cc3 343.63 12.85 83.32 10.4 2242.05 36.65 1507.9 35.42 56.24 17.59 16301.95 223.76 15150.55 258.38 27.51 12.08 < LOD 11.37 889.31 47.18
Basin-Boulder Superfund 2013 pXRF Scans
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Time Dur. Units SAMPLE Pb Pb Error As As Error Zn Zn Error Cu Cu Error Ni Ni Error Fe Fe Error Mn Mn Error Cd Cd Erro Ag Ag Error Ba Ba Error
6/21/2013 16:41 75 ppm cc2 77.56 6.95 65.49 6.69 10004.16 102.58 2031.7 42.62 71.69 19.49 10001.47 189.18 48534.46 444.21 55.94 13.74 16.82 8.39 1236.55 53.78
6/21/2013 16:43 75 ppm cc2 74.86 6.9 59.86 6.55 7523.84 69.43 1734 39.66 95.09 19.66 12040.19 203.47 39167.27 407.48 34.41 12.58 < LOD 11.54 1604.81 54.95
6/21/2013 16:45 75 ppm cc2 64.17 6.54 46.34 6.07 4838.76 56.42 666.41 26.47 101.47 19.91 42691.99 372.58 18212.06 275.85 < LOD 16.81 < LOD 10.4 826.4 44.52
6/21/2013 16:47 75 ppm cc2 1089.3 24.66 262.81 20.12 4503.41 56.27 1310.1 36.74 107.71 21.2 36323.63 349.83 35510.61 397.11 53.97 14.77 23.24 9.33 1082.96 56.48
6/21/2013 17:04 75 ppm cc1 51.74 6.17 39.06 5.73 6343.07 66.03 631.19 26.99 74.42 20.32 17070.69 243.84 39270.35 426.02 79.56 16.63 28.84 10.27 1706.64 66.94
6/21/2013 17:06 75 ppm cc1 88.04 8.26 139.98 9.28 15735.73 157.68 2552.8 53.14 141.38 23.49 17362.08 252.74 72642.17 592.02 73.51 14.49 23.19 8.82 1177.3 54.15
6/21/2013 17:07 75 ppm cc1 56.65 6 38.53 5.49 5801.99 59.44 785.02 27.45 73.51 18.7 11331.53 193.71 28293.93 345.07 64.1 14.67 23.79 9.12 1599.2 60.02
6/21/2013 17:09 75 ppm cc1 86.89 7.51 100.41 7.76 9005.9 77.44 923.86 30.71 129.72 20.25 19726.91 252.12 39824.64 413.8 34.9 11.66 17.87 7.48 1286.35 48.23
6/21/2013 17:43 75 ppm cc4 23.63 3.98 16.03 3.57 1193.04 25.43 87.44 12.35 45.24 15.57 4452.87 102.74 17335.36 268.81 43.12 11.69 21.34 7.47 617.86 41.42
6/21/2013 17:45 75 ppm cc4 34.2 4.73 12.98 3.96 1152.55 25.82 81.53 12.92 < LOD 24.42 7322.45 126.7 14350.93 252.4 53.26 14.06 29.67 9.15 1098.85 53.91
6/21/2013 17:47 75 ppm cc4 265.43 11.9 78.91 9.82 2160.17 37.3 494.32 23.04 108.49 19.04 23500.98 273.88 33218.89 379.03 39.87 12.76 18.52 8.12 1106.4 50.56
6/21/2013 17:50 75 ppm cc4 26.6 4.3 14.81 3.7 636.5 19.01 44.77 11.4 60.26 16.46 15612.84 211.6 6575.67 135.24 31.56 11.81 < LOD 11.02 1576.61 51.65
6/21/2013 17:54 75 ppm usg 149.68 8.89 155.16 9.11 4224.77 50.34 3556 53.15 83.88 18.21 12814.69 206.34 35163.04 389.29 72.17 14.3 14.81 8.38 970.58 51.54
6/21/2013 17:56 75 ppm usg 72.88 6.58 102.62 7.09 3320.28 45.13 4918.4 62.27 99.91 18.29 13608.14 204.68 29971.95 347.04 57.89 11.73 15.52 7.09 1087.52 44.55
6/21/2013 17:58 75 ppm usg 123.19 9.96 240.57 12.04 20609.44 200.85 9824.4 105.44 97.24 24.41 11576.59 265.67 92415.6 683.91 124.3 15.63 26.35 8.86 1144.33 53.08
6/21/2013 18:00 75 ppm usg 238.75 16.37 429.09 19.61 40206.14 411.19 17382 214.86 188.64 36.61 12717.71 268.74 142557.9 974.63 409.74 26.85 36.14 11.75 2027.04 76.1
6/22/2013 19:27 75 ppm usg2 61.63 6.58 101.59 7.36 3214.6 46.99 1023.3 32.48 58.66 19.58 23681.43 283.07 21162.82 313.95 53.23 16.3 26.54 10.47 1586.12 67.88
6/22/2013 19:29 75 ppm usg2 93.77 7.63 90.84 7.62 9707.67 79.74 3415.5 55.06 57.93 19.13 5919.23 162.83 56664.88 489.17 99.48 14.63 27.76 8.67 837.55 48.77
6/22/2013 19:31 75 ppm usg2 657.75 26.71 815.58 30.51 28645.87 326.54 19914 254.34 426.42 37.25 44647.01 454.39 145171.9 1044.19 401.37 25.75 42.94 11.63 2018.47 73.42
6/22/2013 19:32 75 ppm usg2 225.42 13.05 329.47 17.01 13638.12 149.04 5222.7 86.93 < LOD 300000 13370.54 242.92 69505.45 607.06 174.83 25.37 33.17 13.81 1241.72 81.53
7/9/2013 17:30 75 ppm usg3 462.29 17.74 436.7 18.65 12346.27 135.84 10096 107.03 147.86 24.65 40433.48 375.76 65526.41 557.47 154.05 18.62 42.41 10.81 1491.77 64.2
7/9/2013 17:37 75 ppm usg3 244.43 11.39 346.1 12.89 3638.49 48.7 4928.4 64.43 79.81 18.72 36648.48 332.28 7205.16 154.39 46.93 11.99 16.03 7.42 858.56 44.52
7/9/2013 17:39 75 ppm usg3 111.17 8.58 118.34 8.8 11104.84 116.42 3350.7 56.98 84.25 20.63 10596.55 211.54 70272.44 564.57 105.53 14.29 21.84 8.18 1075.4 49.45
7/9/2013 17:41 75 ppm usg3 85.92 7.98 103.67 8.32 12043.73 126.25 4947.3 70.68 52.96 21.06 9580.5 215.27 73291.45 589.7 109.9 15.21 22.89 8.69 1421.34 55.58
7/9/2013 17:49 75 ppm bc1 74.43 6.72 48.73 6.14 1747.19 32.97 142.15 15.21 90.47 18.36 18777.72 245.69 19994.85 300.09 29.79 12.56 12.74 7.96 1945.61 58.29
7/9/2013 17:53 75 ppm bc1 33.67 4.99 14.66 4.19 540.62 18.79 58.72 12.58 75.56 18.33 39436.83 356.7 958.67 67.35 < LOD 15.96 13.58 7.07 939.76 43.84
7/9/2013 17:54 75 ppm bc1 32.21 5.2 18.37 4.56 301.38 15.56 49.49 14.04 62.88 21.19 69898.27 526.98 1508.12 86.89 35.66 14.58 15.95 9.22 669.61 53.22
7/9/2013 17:59 75 ppm bc1 51.83 5.57 39.83 5.17 2197.33 35.21 100.38 13.42 84.94 17.53 23084.26 257.13 18679.05 273.84 < LOD 17.41 < LOD 11.05 832.8 46.16
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Time Dur. Units SAMPLE Pb Pb Error As As Error Zn Zn Error Cu Cu Error Ni Ni Error Fe Fe Error Mn Mn Error Cd Cd Erro Ag Ag Error Ba Ba Error
7/9/2013 18:01 75 ppm bc2 49.91 5.55 33.9 5.02 898.66 23.06 85.29 12.89 82.92 17.31 15509.36 220.38 15029.16 259.83 21.47 10.99 12.04 7.05 928.4 43.91
7/9/2013 18:03 75 ppm bc2 46.55 5.4 25.89 4.75 574.24 18.76 41.53 11.67 81.51 17.72 34786.25 323.6 4329.78 116.6 28.35 11.62 12.61 7.36 1104.17 47.17
7/9/2013 18:05 75 ppm bc2 42.49 5 19.45 4.18 176.37 10.35 39.02 10.18 63.71 15.13 3810.32 82.07 567.72 48.87 23.86 9.82 9.49 6.17 385.9 34.49
7/9/2013 18:08 75 ppm bc2 74.71 7.84 233.92 10.85 10705.7 93 551.24 27.94 245.8 24.63 32816 341.02 100297.5 728.69 60.64 13.77 14.35 8.24 1517.06 56.03
7/9/2013 18:25 75 ppm bc3 114.12 9.48 675.84 17.31 7088.44 77.01 506.24 27.33 298.61 24.28 65146.5 512.84 71024.7 593 56.94 12.89 19.12 7.98 2411.01 59.92
7/9/2013 18:27 75 ppm bc3 75.25 7.59 202.33 9.91 7994.08 77.26 317.29 21.9 227.98 22.73 28625.79 313.5 81027.73 629.58 50.16 12.51 19.43 7.84 1595.71 52.68
7/9/2013 18:29 75 ppm bc3 53.87 6.37 300.95 10.78 4192.41 54.42 236.12 18.97 198.48 20.85 46539.98 398.04 45083.28 441.02 35.2 11.71 15.01 7.42 1866.69 53.12
7/9/2013 18:30 75 ppm bc3 195.28 13.1 331.22 15.42 11765.06 143.76 602.55 32.69 501.04 28.96 68302.23 548.38 116074 844.74 145.15 18.69 30.17 10.52 3241.88 81.83
7/9/2013 18:33 75 ppm bc4 18.53 4.12 22.32 3.93 767.75 21.93 33.64 11.69 130.38 18.35 37939.71 339.46 25668.09 319.13 20.72 11.04 < LOD 10.55 1784.64 51.11
7/9/2013 18:34 75 ppm bc4 43.06 5.36 34.85 5.01 871.73 23.39 61.83 12.67 60.83 17.89 39285.93 352.04 6998.01 148.75 26.28 11.55 12.4 7.34 939.72 45.65
7/9/2013 18:36 75 ppm bc4 22.98 4.11 25.82 3.94 887.54 22.35 115.85 13.11 96.44 16.61 25297.95 272.2 10084.1 208.25 28.18 11.04 < LOD 10.22 691.05 41.24
7/9/2013 18:37 75 ppm bc4 48.06 5.54 23.25 4.75 953.32 23.93 82.87 12.9 112.55 18.16 21064.89 251.58 10276.53 214.85 26.78 11.19 < LOD 10.47 1773.23 51.05
7/22/2013 19:44 75 ppm bm1 131.99 19.86 338.87 24.74 1232.57 54.96 2410.2 90.61 125.78 66.71 363744 3069 237.11 104.81 < LOD 31.38 < LOD 14.69 3109.08 198.12
7/22/2013 19:46 75 ppm bm1 58.77 6.42 111.57 7.48 770.02 23.66 1044.2 32.33 123.56 20.02 77122.37 542.17 804.25 72.34 39.68 13.12 14.81 8.21 1560.86 56.17
7/22/2013 19:48 75 ppm bm1 44.36 5.4 103.48 6.61 435.31 17.2 951.29 29.09 120.21 17.93 61386.61 446.42 242 51.47 29.94 11.3 22.35 7.48 828.43 43.29
7/22/2013 19:51 75 ppm bm2 34.95 6.05 225.61 10.25 11308.88 129.52 1963.7 48.67 231.22 25.02 33620.69 349.47 97308.52 722.33 101.61 15.59 36.64 9.59 2012.36 63.14
7/22/2013 19:52 75 ppm bm2 27.08 4.58 113.04 6.42 4199.37 50.02 995.68 29.51 110.67 18.08 14390.31 213.56 46439.59 430.13 51.3 11.41 18.12 7.08 1199.95 44.82
7/22/2013 19:54 75 ppm bm2 152.27 11.41 417.26 15.66 11010.55 134.02 1035.2 39.12 491.92 28.11 85783.66 631.44 73142.64 612.2 139.6 17.8 27.61 9.98 2519.01 72.33
7/22/2013 19:56 75 ppm bm3 75.9 7.13 64.7 6.82 6532.92 65.96 1198.4 34.25 89.12 19.73 18641.76 248.68 49875.9 466.37 50.26 13.14 16.81 8.13 1774.31 56.86
7/22/2013 19:58 75 ppm bm3 291.9 11.93 318.75 12.46 1605.66 30.77 215.2 16.22 93.95 17.32 30066.37 295.85 13662.37 236.8 33.68 11.29 19.78 7.33 1507.82 48.62
7/22/2013 20:00 75 ppm bm3 34.66 5.4 63.27 5.96 6047.83 64.62 651.97 27.08 139.74 21.34 42983.8 381.43 31856.15 369.8 39.86 12.47 12.04 7.69 1386.9 51.96
7/22/2013 20:02 75 ppm cc5 45.93 5.63 69.42 6.06 2764.1 41.84 56.47 13.16 71.29 19.17 55772.63 436.54 2634.5 100.38 < LOD 18.42 15.29 8.11 817.61 48.59
7/22/2013 20:04 75 ppm cc5 32 5.05 103.83 6.66 3270.22 46.37 55.72 13.72 95.5 20.85 73558.33 529.77 2163.66 96.89 < LOD 18.82 14.08 8.19 809.07 49.3
7/22/2013 20:06 75 ppm cc5 30.18 4.58 23.32 4.94 1366.98 27.58 27.54 10.96 80.62 17.12 21371.26 247.54 323.46 46.41 < LOD 15.49 < LOD 10.07 981.63 43.82
7/22/2013 20:08 75 ppm cc6 196.9 9.67 51.91 7.72 603.54 18.64 170.22 14.46 79.55 16.48 19917.84 236.68 907.55 60.3 18.74 10.19 < LOD 9.71 1029.8 41.79
7/22/2013 20:09 75 ppm cc6 412.18 15.16 122.13 12.7 1481.57 32.43 402.01 22.62 94.64 21.74 74023.51 541.65 2379.03 102.94 < LOD 18.91 < LOD 12.33 815.46 50.52
7/22/2013 20:11 75 ppm cc6 122.85 7.64 41.41 6.09 299.27 12.93 124.94 12.55 65.8 15.21 11458.58 174.92 349.02 43.34 < LOD 14.54 < LOD 9.56 540.5 37.16
7/22/2013 20:13 75 ppm cc7 52.59 5.93 61.33 5.96 316.16 14.73 25.08 11.22 96.25 17.68 17285.17 239 56031.93 489.75 26.5 11.29 15.82 7.29 625.49 41.74
7/22/2013 20:15 75 ppm cc7 20.5 5.13 60.72 6.02 1893.15 39.36 45.31 14.4 207.83 22.07 22159.18 298.04 139696.8 930.64 61.63 12.89 23.85 8.08 2268.27 58.2
7/22/2013 20:16 75 ppm cc7 11.42 3.32 36.98 3.95 90.24 8.48 22.37 10.3 63.54 16.8 49136.59 380.77 800.94 61.26 42.77 11.5 13.7 7.09 494.12 39.59
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SAMPLE Fe/Mn Mn/Fe Zn/Mn Zn/Fe Cu/Mn Cu/Zn Cu/Fe As/Mn As/Fe Pb/Mn Pb/Fe Ag/Mn Ag/Fe Ba/Mn Ba/Fe Cd/Mn Cd/Fe Ni/Mn Ni/Fe
bm1 391.3578 0.002555 1.899623 0.004854 3.432965 1.807182 0.008772 0.431617 0.001103 0.183207 0.000468 0.043433 0.000111 4.284355 0.010947 0.081372 0.000208 0.287955 0.000736
bm2 0.616876 1.621072 0.122268 0.198205 0.018418 0.150633 0.029856 0.003485 0.00565 0.000988 0.001602 0.00038 0.000616 0.026425 0.042837 0.001349 0.002186 0.003844 0.006232
bm3 0.961188 1.04038 0.148713 0.154718 0.021653 0.145599 0.022527 0.004683 0.004872 0.004219 0.004389 0.00051 0.00053 0.048944 0.050921 0.001298 0.00135 0.003384 0.003521
usg1 0.168996 5.9173 0.227786 1.34788 0.118892 0.521946 0.703521 0.00309 0.018287 0.001948 0.011525 0.000309 0.00183 0.017425 0.103111 0.002213 0.013094 0.001565 0.009261
usg2 0.299544 3.338404 0.188736 0.630077 0.101109 0.535719 0.337544 0.004573 0.015265 0.003551 0.011853 0.000446 0.001488 0.019432 0.064871 0.002492 0.008319 0.002475 0.008263
usg3 0.449658 2.223912 0.180925 0.402362 0.107829 0.595984 0.239801 0.004646 0.010331 0.004179 0.009293 0.000477 0.001061 0.022409 0.049837 0.001925 0.004281 0.001687 0.003752
bc1 3.675123 0.2721 0.116345 0.031657 0.008525 0.073277 0.00232 0.002955 0.000804 0.00467 0.001271 0.00137 0.000373 0.106653 0.02902 0.003182 0.000866 0.007629 0.002076
bc2 0.722999 1.383128 0.102766 0.142139 0.005965 0.05804 0.00825 0.002605 0.003603 0.001777 0.002458 0.000403 0.000558 0.032735 0.045277 0.001117 0.001545 0.003942 0.005452
bc3 0.666054 1.50138 0.099103 0.148791 0.005307 0.05355 0.007968 0.004822 0.00724 0.0014 0.002102 0.000267 0.000401 0.029103 0.043694 0.000918 0.001378 0.003915 0.005877
bc4 2.330683 0.429059 0.065634 0.028161 0.005548 0.084529 0.00238 0.002004 0.00086 0.002501 0.001073 0.000935 0.000401 0.09785 0.041983 0.001923 0.000825 0.007547 0.003238
cc1 0.363777 2.748935 0.204891 0.563231 0.027178 0.132647 0.074711 0.001766 0.004855 0.001574 0.004326 0.00052 0.001431 0.032047 0.088096 0.0014 0.003849 0.002328 0.006398
cc2 0.714568 1.399448 0.189997 0.26589 0.040602 0.213699 0.056821 0.003072 0.0043 0.009234 0.012922 0.000567 0.000793 0.033592 0.04701 0.001361 0.001904 0.002658 0.00372
cc3 1.730254 0.57795 0.127677 0.073791 0.070118 0.549188 0.040525 0.016356 0.009453 0.041015 0.023705 0.000988 0.000571 0.053805 0.031097 0.002131 0.001231 0.004651 0.002688
cc4 0.711927 1.404639 0.071939 0.101048 0.009906 0.137694 0.013914 0.001717 0.002412 0.004894 0.006875 0.001297 0.001822 0.061551 0.086457 0.002348 0.003298 0.003992 0.005607
cc5 29.42472 0.033985 1.445109 0.049112 0.027282 0.018879 0.000927 0.03838 0.001304 0.021109 0.000717 0.008602 0.000292 0.509274 0.017308 #N/A #N/A 0.048307 0.001642
cc6 28.99107 0.034493 0.655842 0.022622 0.191762 0.29239 0.006615 0.059261 0.002044 0.201323 0.006944 #N/A #N/A 0.656222 0.022635 0.015464 0.000533 0.066011 0.002277
cc7 0.450725 2.218646 0.011701 0.02596 0.000472 0.040338 0.001047 0.000809 0.001795 0.00043 0.000954 0.000272 0.000602 0.017239 0.038246 0.000666 0.001478 0.001871 0.00415
hoc1 0.128342 7.791707 0.461038 3.592274 0.002797 0.006067 0.021796 0.006372 0.049652 0.004883 0.038044 0.000313 0.002442 0.011793 0.09189 0.001241 0.009673 0.001557 0.012134
hoc2 0.084515 11.83222 0.444938 5.26461 0.001033 0.002323 0.012228 0.004061 0.048052 0.00242 0.028636 0.000282 0.00334 0.016174 0.191369 0.001264 0.014959 0.001197 0.014166
hoc3 0.061646 16.22154 0.388542 6.302751 0.000453 0.001165 0.007345 0.003874 0.062847 0.001048 0.017008 0.000208 0.003376 0.01545 0.250627 0.001482 0.024046 0.000804 0.013047
hoc4 0.087316 11.45263 0.299376 3.42864 0.000713 0.002382 0.008168 0.002514 0.028786 0.000517 0.005926 0.000179 0.002052 0.010067 0.115291 0.000929 0.010638 0.00102 0.011683
hoc5 0.078273 12.7758 0.209865 2.681197 0.000359 0.00171 0.004586 0.001357 0.017332 0.000507 0.006472 0.0001 0.001281 0.00724 0.092502 0.000621 0.007932 0.000803 0.010261
hoc6 0.667162 1.498887 0.003321 0.004977 0.000499 0.150161 0.000747 0.000805 0.001206 0.000464 0.000696 0.000392 0.000588 0.028438 0.042626 0.000662 0.000992 0.002339 0.003506
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Time Dur. Units SAMPLE Pb Pb Error As As Error Zn Zn Error Cu Cu Error Ni Ni Error Fe Fe Error Mn Mn Error Ba Ba Error Cd Cd Error Ag Ag Error
9/7/2014 14:55 65 ppm HOCA 84.09 7.09 200.09 9.96 25787.41 197.72 125.8 15.09 67.3 18.86 3316.95 151.31 61335.2 462.46 213.24 61.99 < LOD 12.92 19.63 5.7
9/7/2014 15:04 65 ppm HOCB 331.63 14.96 359.59 16.11 28863.76 255.96 206.84 20.38 76.15 22.9 5957.66 197.9 63924.44 554.17 862.5 58.6 73.87 16.68 24.83 10.21
9/7/2014 15:14 65 ppm HOCC 338.08 17.98 244.8 17.24 45247.79 431.2 146.01 22.38 100.72 29.61 6545.75 295.46 101769 794.48 4355.52 111.1 132.34 22.57 44.71 13.75
9/7/2014 15:19 65 ppm HOCD 133.9 10.96 305.4 15.59 34850.86 320.73 155.27 21.59 < LOD 300000 7543.17 209.62 88286.15 695.5 1839.86 95.69 84.92 23.55 42.69 15.23
9/7/2014 15:26 65 ppm HOCE 169.22 9.32 238.31 10.36 8947.4 71.6 144.75 14.82 61.02 16.75 4319.2 123.46 36298.23 378.65 412.26 42.34 18.7 11.83 < LOD 10.95
9/7/2014 15:31 65 ppm HOCF 135.91 11.16 328.84 14.6 35195.8 334.07 215.48 23.06 159.6 27.76 8297.49 296.69 115476.4 826.6 1241.95 69.28 104.16 19.39 25.36 11.31
9/7/2014 15:38 65 ppm HOCG 243.48 17.1 383.03 19.79 61323.1 624.56 261.32 35.07 273.27 37.92 10060.65 263.37 143698.9 1032.45 1565.91 77.73 170.22 22.78 20.97 11.83
9/7/2014 15:42 65 ppm HOCH 168.81 11.1 367.74 14.12 23479.2 218.74 209.08 21.4 132.09 23.19 23711 287.34 58791.38 530.16 1635.16 63.97 37.59 14.69 < LOD 13.75
9/7/2014 15:49 65 ppm HOCI 45.73 5.55 107.06 6.86 14479.62 133.19 67.95 14.07 86.25 18.55 5215.46 152.7 53475.48 465.81 535.94 47.19 31.99 13.23 < LOD 12.38
9/7/2014 15:56 65 ppm HOCJ 171.85 15.24 419.24 20.02 67970.38 704.46 118.26 26.46 156.3 38.44 10252.86 458.93 154372.4 1107.62 2268.94 106.87 260.52 31.74 47.93 16.65
9/7/2014 16:03 65 ppm HOCK 503.42 18.27 496.02 19.39 29067.39 262.52 202.26 20.35 128.71 23.78 12415.05 269.16 92928.78 687.17 872.51 58.2 90.07 17.08 32.1 10.49
9/7/2014 16:09 65 ppm HOCL 498.97 21.69 324.16 21.32 47737.61 471.82 145.4 23.68 275.26 33.16 17334.96 291.59 142615.8 1002.2 2277.62 90.48 118.16 22.17 31.8 13.04
9/7/2014 16:15 65 ppm HOCM 303.01 17.19 226.46 16.54 45107.71 435.01 57.55 20.74 117.54 30.7 5847.86 325.84 127344.3 910.1 1537.31 85.54 144.62 24.33 47.45 14.59
9/7/2014 16:21 65 ppm HOCN 373.5 21.66 557.8 24.83 64510.75 674.82 68.07 24.56 231.18 38.81 15491.27 494.54 162808.8 1147.9 2278.53 90.8 169.71 24.01 20.79 12.52
9/7/2014 16:35 65 ppm HOCO 31.12 6.25 312.18 12.5 39241.43 356.98 < LOD 25.67 169.38 27.47 11887.37 303.35 105536.2 769.42 1171.83 66.54 105.27 18.94 27.84 11.16
9/7/2014 16:50 65 ppm HOCP 110.38 12.1 496.44 19.41 54092.14 561.14 < LOD 41.08 195.23 35.58 19124.54 525.62 196039.8 1333.07 1459.9 77.43 131.42 21.77 < LOD 17.13
9/7/2014 17:07 65 ppm HOCQ 51.72 11.62 538.8 23.78 59804.7 678.78 < LOD 39.34 < LOD 300000 5936.15 284.34 215952.1 1550.66 2987.62 124.17 263.68 34.02 48.37 17.87
9/7/2014 17:21 65 ppm HOCR 126.84 13.58 639.18 22.91 49013.54 545.76 69.77 29.5 268.78 38.14 12394.31 308.32 210701 1472.53 2168.56 90.93 206.03 25.64 32.96 13.47
9/7/2014 17:33 65 ppm HOCS 112.27 10.74 461.21 16.85 27095.79 284.69 < LOD 29.93 173.62 27.28 21598.91 315.97 162274.8 1110.12 1444.47 72.02 145.99 20.77 < LOD 15.94
9/7/2014 18:01 65 ppm HOCT 31.86 5.45 457.72 13.08 818.93 25.51 38.09 13.71 227.44 20.23 51332.72 433.22 98517.38 718.8 1189.14 57.66 39.21 14.35 < LOD 13.35
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SAMPLE Fe/Mn Zn/Mn Cu/Mn As/Mn Pb/Mn Ag/Mn Ba/Mn Cd/Mn Ni/Mn
HOCA 0.054079 0.420434 0.002051 0.003262 0.001371 0.00032 0.003477 #N/A 0.001097
HOCB 0.093198 0.451529 0.003236 0.005625 0.005188 0.000388 0.013492 0.001156 0.001191
HOCC 0.06432 0.444613 0.001435 0.002405 0.003322 0.000439 0.042798 0.0013 0.00099
HOCD 0.08544 0.394749 0.001759 0.003459 0.001517 0.000484 0.02084 0.000962 #N/A
HOCE 0.118992 0.246497 0.003988 0.006565 0.004662 #N/A 0.011358 0.000515 0.001681
HOCF 0.071854 0.304788 0.001866 0.002848 0.001177 0.00022 0.010755 0.000902 0.001382
HOCG 0.070012 0.426747 0.001819 0.002666 0.001694 0.000146 0.010897 0.001185 0.001902
HOCH 0.403307 0.399365 0.003556 0.006255 0.002871 #N/A 0.027813 0.000639 0.002247
HOCI 0.09753 0.270771 0.001271 0.002002 0.000855 #N/A 0.010022 0.000598 0.001613
HOCJ 0.066416 0.440301 0.000766 0.002716 0.001113 0.00031 0.014698 0.001688 0.001012
HOCK 0.133597 0.312792 0.002177 0.005338 0.005417 0.000345 0.009389 0.000969 0.001385
HOCL 0.12155 0.334729 0.00102 0.002273 0.003499 0.000223 0.01597 0.000829 0.00193
HOCM 0.045922 0.354219 0.000452 0.001778 0.002379 0.000373 0.012072 0.001136 0.000923
HOCN 0.09515 0.396236 0.000418 0.003426 0.002294 0.000128 0.013995 0.001042 0.00142
HOCO 0.112638 0.371829 #N/A 0.002958 0.000295 0.000264 0.011104 0.000997 0.001605
HOCP 0.097554 0.275924 #N/A 0.002532 0.000563 #N/A 0.007447 0.00067 0.000996
HOCQ 0.027488 0.276935 #N/A 0.002495 0.000239 0.000224 0.013835 0.001221 #N/A
HOCR 0.058824 0.232621 0.000331 0.003034 0.000602 0.000156 0.010292 0.000978 0.001276
HOCS 0.133101 0.166975 #N/A 0.002842 0.000692 #N/A 0.008901 0.0009 0.00107
HOCT 0.521052 0.008313 0.000387 0.004646 0.000323 #N/A 0.01207 0.000398 0.002309
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Appendix E: Basin ICP Data 
 
Sample Units Fe Mn Cu Zn Ni Ba Pb Cd As
BM-1 mg/L 84.230 0.458 2.883 1.524 b.d. 0.03 0.15 0.02 0.41
BM-2 mg/L 17.340 40.160 2.649 13.580 0.06 0.72 0.06 0.30 0.27
BM-3 mg/L 4.946 26.600 0.933 10.210 0.04 0.33 b.d. 0.15 0.08
USG-1 mg/L 6.418 28.400 12.020 10.650 0.01 0.26 0.38 0.24 0.31
USG-2 mg/L 14.410 31.560 3.606 4.700 0.02 0.95 2.09 0.19 0.50
USG-3 mg/L 4.632 14.900 3.517 7.024 b.d. 0.19 0.13 0.17 0.12
BC-1 mg/L 3.857 7.580 0.134 1.841 0.02 0.18 0.07 0.03 0.04
BC-2 mg/L 4.272 7.548 0.119 1.354 0.01 0.25 0.13 0.02 0.05
BC-3 mg/L 12.130 16.990 0.182 4.801 0.02 0.31 b.d. 0.11 0.16
BC-4 mg/L 13.710 10.300 0.024 0.528 b.d. 0.41 b.d. 0.01 0.04
CC-1 mg/L 6.930 39.030 1.815 19.980 0.05 0.60 0.18 0.19 0.14
CC-2 mg/L 4.609 23.720 2.469 11.570 0.03 0.24 0.16 0.17 0.10
CC-3 mg/L 1.778 0.689 0.029 0.077 b.d. 0.04 0.10 b.d. b.d.
CC-4 mg/L 7.742 27.630 0.349 5.288 0.04 1.08 0.11 0.08 0.06
CC-5 mg/L 0.777 0.236 0.010 0.814 b.d. 0.01 b.d. b.d. b.d.
CC-6 mg/L 2.498 0.319 0.134 0.264 b.d. 0.02 0.19 b.d. 0.02
CC-7 mg/L 13.080 56.930 0.036 1.511 0.03 1.89 0.28 0.01 0.09
HOC-1 mg/L 4.599 47.780 0.245 40.570 0.04 0.41 0.29 0.16 0.87
HOC-2 mg/L 5.398 64.980 0.157 43.610 0.06 0.87 0.25 0.16 0.56
HOC-3 mg/L 3.139 69.080 0.057 40.180 0.05 0.72 0.12 0.12 0.40
HOC-4 mg/L 1.871 39.900 0.016 18.820 0.03 0.33 b.d. 0.06 0.14
HOC-5 mg/L 2.396 44.180 0.020 18.890 0.03 0.42 b.d. 0.06 0.13
HOC-6 mg/L 6.567 15.370 0.039 0.109 b.d. 0.63 b.d. b.d. 0.02
Basin-Boulder Superfund 2013 Mn-crusts ICP-AES (not corrected for dilution)
72 
 
  
Sample Units Fe Mn Cu Zn Ba Pb Cd As
BM-1W mg/L 0.339 0.951 0.127 2.070 0.013 b.d. 0.0179 0.0005
BM-2W mg/L 0.139 0.075 0.012 0.171 0.015 b.d. 0.0015 0.0042
BM-3W mg/L 0.075 0.026 0.008 0.104 0.021 b.d. 0.0009 0.0050
USG-1W mg/L b.d. 0.063 0.065 0.668 0.013 b.d. b.d. b.d.
USG-2W mg/L 0.083 0.113 0.085 0.735 0.012 b.d. b.d. b.d.
USG-3W mg/L b.d. 0.043 0.027 0.207 b.d. b.d. b.d. b.d.
BC-1W mg/L 0.06 0.004 0.006 0.031 0.018 0.0004 b.d. 0.0063
BC-2W mg/L 0.066 0.004 0.004 0.027 0.018 0.0003 b.d. 0.0066
BC-3W mg/L 0.091 0.007 0.005 0.027 0.016 0.0002 b.d. 0.0071
BC-4W mg/L 0.081 0.004 0.005 0.031 0.016 0.0003 0.0002 0.0059
CC-1W mg/L 0.072 0.004 0.011 0.099 0.011 0.0002 0.0007 0.0032
CC-2W mg/L 0.071 0.004 0.011 0.101 0.010 0.0003 0.0008 0.0033
CC-3W mg/L 0.075 0.005 0.011 0.100 0.010 0.0002 0.0007 0.0031
CC-4W mg/L 0.087 0.003 0.005 0.035 0.010 b.d. b.d. 0.0023
CC-5W mg/L 0.02 0.002 0.004 0.205 0.018 b.d. 0.0006 0.0024
CC-6W mg/L 0.077 0.005 0.010 0.117 0.015 0.0007 0.0007 0.0030
CC-7W mg/L 0.098 0.008 0.002 0.004 0.009 b.d. b.d. 0.0027
HOC-1W mg/L b.d. 0.034 b.d. 0.298 0.024 b.d. b.d. b.d.
HOC-2W mg/L b.d. 0.058 b.d. 0.277 0.021 b.d. b.d. b.d.
HOC-3W mg/L b.d. 0.166 b.d. 0.405 0.019 b.d. b.d. b.d.
HOC-4W mg/L 0.07 0.261 b.d. 0.522 0.014 0.0003 0.0010 0.0096
HOC-5W mg/L b.d. 0.419 b.d. 0.585 0.017 b.d. b.d. b.d.
HOC-6W mg/L 0.02 0.006 b.d. 0.001 0.013 b.d. b.d. 0.0011
*Samples analyzed with ICP-AES
Basin-Boulder Superfund 2013 Water Samples ICP-MS
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Sample Zn/Mn Fe/Mn Cu/Mn Ni/Mn Ba/Mn Pb/Mn Cd/Mn As/Mn
BM-1W 3.330 184.069 6.300 #N/A 0.064 0.338287 0.038374 0.902535
BM-2W 0.338 0.432 0.066 0.001 0.018 0.00156 0.007393 0.00679
BM-3W 0.384 0.186 0.035 0.002 0.012 #N/A 0.005684 0.003185
USG-1W 0.375 0.226 0.423 0.001 0.009 0.013215 0.008489 0.010827
USG-2W 0.149 0.457 0.114 0.001 0.030 0.066223 0.005913 0.01584
USG-3W 0.471 0.311 0.236 #N/A 0.013 0.008732 0.01155 0.008302
BC-1W 0.243 0.509 0.018 0.003 0.024 0.009823 0.004513 0.004823
BC-2W 0.179 0.566 0.016 0.002 0.033 0.016667 0.003274 0.00692
BC-3W 0.283 0.714 0.011 0.001 0.018 #N/A 0.006192 0.009305
BC-4W 0.051 1.331 0.002 #N/A 0.040 #N/A 0.000765 0.003805
CC-1W 0.512 0.178 0.047 0.001 0.015 0.004635 0.004981 0.00362
CC-2W 0.488 0.194 0.104 0.001 0.010 0.006716 0.007066 0.004179
CC-3W 0.112 2.580 0.042 #N/A 0.060 0.13993 #N/A #N/A
CC-4W 0.191 0.280 0.013 0.001 0.039 0.004021 0.002898 0.002287
CC-5W 3.445 3.288 0.041 #N/A 0.060 #N/A #N/A #N/A
CC-6W 0.827 7.838 0.419 #N/A 0.055 0.599937 #N/A 0.060778
CC-7W 0.027 0.230 0.001 0.000 0.033 0.004883 0.000239 0.001611
HOC-1W 0.849 0.096 0.005 0.001 0.008 0.00612 0.003416 0.018133
HOC-2W 0.671 0.083 0.002 0.001 0.013 0.003838 0.002495 0.008592
HOC-3W 0.582 0.045 0.001 0.001 0.010 0.001807 0.001783 0.005722
HOC-4W 0.472 0.047 0.000 0.001 0.008 #N/A 0.001485 0.003506
HOC-5W 0.428 0.054 0.000 0.001 0.010 #N/A 0.001348 0.003024
HOC-6W 0.007 0.427 0.003 #N/A 0.041 #N/A #N/A 0.001078
Basin-Boulder Superfund 2013 Metal Ratios - Mn-crusts
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Sample Zn/Mn Fe/Mn Cu/Mn Ba/Mn Pb/Mn Cd/Mn As/Mn
BM-1W 2.178 0.357 0.133 0.014 #N/A 0.018871 0.000481
BM-2W 2.277 1.855 0.165 0.198 #N/A 0.01971 0.055874
BM-3W 3.989 2.875 0.326 0.791 #N/A 0.034372 0.193697
USG-1W 10.546 #N/A 1.022 0.202 #N/A #N/A #N/A
USG-2W 6.513 0.738 0.750 0.107 #N/A #N/A #N/A
USG-3W 4.841 #N/A 0.638 #N/A #N/A #N/A #N/A
BC-1W 7.641 #N/A #N/A 4.456 0.095 #N/A 1.53579
BC-2W 6.213 15.222 #N/A 4.033 0.071 #N/A 1.528238
BC-3W 3.816 12.722 #N/A 2.285 0.033 #N/A 0.987098
BC-4W 6.955 18.324 #N/A 3.523 0.058 0.049283 1.326074
CC-1W 24.162 17.376 2.741 2.629 0.058 0.179887 0.787661
CC-2W 23.031 16.316 2.509 2.394 0.066 0.171424 0.74432
CC-3W 20.018 15.010 2.148 2.067 0.047 0.148041 0.619012
CC-4W 12.390 30.561 #N/A 3.581 #N/A #N/A 0.819343
CC-5W #N/A #N/A #N/A 8.834 #N/A 0.302649 1.175868
CC-6W 23.931 15.706 1.998 3.017 0.134 0.145223 0.620207
CC-7W 0.530 13.094 #N/A 1.166 #N/A #N/A 0.365596
HOC-1W 8.848 #N/A #N/A 0.715 #N/A #N/A #N/A
HOC-2W 4.760 #N/A #N/A 0.361 #N/A #N/A #N/A
HOC-3W 2.434 #N/A #N/A 0.113 #N/A #N/A #N/A
HOC-4W 2.001 #N/A #N/A 0.055 0.001 0.003662 0.036808
HOC-5W 1.395 #N/A #N/A 0.040 #N/A #N/A #N/A
HOC-6W 0.218 #N/A #N/A 2.072 #N/A #N/A 0.171142
Basin-Boulder Superfund 2013 Metal Ratios - Water Samples
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